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“Every passing hour brings the Solar System forty three thousand miles closer to
Globular Cluster M13 in Hercules— and still there are some misfits who insist that
there is no such thing as progress.”
– Kurt Vonnegut, The Sirens of Titan
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ABSTRACT
Transition-metal K-edge X-ray absorption spectroscopy (XAS) describes a group of techniques
that are element specific and provide information about the chemical environments and structures
in a material. X-ray Absorption Near-Edge spectroscopy (XANES) is a particularly useful XAS
technique as it provides information regarding the chemical environment of a transition-metal cen-
tre and the electronic structure of the material being studied. As such, XANES has found use in
a variety of scientific fields including biochemistry, geochemistry, and fundamental physics. One
particularly information rich region of a transition-metal K-edge XANES spectrum is the pre-edge
region, which contains information about the oxidation state and coordination environment of the
transition-metal. Due to the wealth of information contained in the pre-edge region, it is important
to fully understand all the features contained in this region and the factors that may affect them.
To this end, a series of studies have been performed, with the goal of increasing the understanding
of the pre-edge region of transition-metal K-edge spectra and how it may be used to characterize a
material.
A series of Sr2Fe2-xMoxO6 (0.25 ≤ x ≤ 1.0) double perovskites have been studied in order
to investigate how changes in the oxidation state and coordination environment may be studied
when both change simultaneously. These materials were also studied due to their technological
relevance, as the Sr2FeMoO6 double perovskite has been widely studied due to its interesting and
technologically relevant physical properties. However, Sr2FeMoO6 is just a single composition in
the Sr2Fe2-xMoxO6 solid-solution, and it is important to understand how the composition impacts
the transition metal valence states. Fe K- and Mo K-edge X ray absorption near-edge spectra have
been collected to investigate how the oxidation state and coordination environment change with
composition. When the Mo content is low, Fe adopts a 3+ oxidation state and Mo adopts a 6+
oxidation state. As the Mo content is increased, the Fe and Mo cations are both partially reduced,
resulting in a mixture of Fe3+ and Fe2+ and Mo5+ and Mo6+. The reduction of the metal centers
apparently drives a change in unit cell from a cubic Fm3¯m structure to a tetragonal I4/m structure.
The results reported here show that by careful analysis of the pre-edge, simultaneous changes in
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the oxidation state and coordination number may be discerned and analyzed separately.
In order to study the effects on the pre-edge from changes in the spin-state of the transition-
metal centre and variations in the metal-ligand bond covalency, a series of Cu2FeSn3-xTixS8
thiospinels have been studied. The Cu2FeSn3-xTixS8 thiospinels exhibit an interesting magnetic
phenomenon known as a spin-crossover transition (SCO), in which the Fe2+ transitions from a
low spin state to a high-spin state (or vice versa). The effects of such a transition on the XANES
spectrum has been studied by collecting a series of Fe K-edge XANES spectra at varying tem-
peratures. Further, XANES has been used to investigate the changes in the electronic structure
of these materials as Ti is substituted for Sn. The room-temperature Fe K-edge XANES spectra
showed that the pre-edge intensity increased with increasing Ti content as a result of the Fe–S bond
becoming more covalent. (Ti K- and S K-edge XANES spectra, supported by electronic structure
calculations, confirmed this analysis.) Temperature-dependent Fe K-edge XANES spectra were
also collected to study the SCO transition and showed that the main-edge features decreased in
intensity with decreasing temperature, corresponding to variations in the average Fe2+ spin-state.
The rare-earth orthoferrites (REFeO3, RE = rare-earth, Y) were studied in order to understand
the relationship between the Fe–O–Fe bond angle and an ill-studied feature known as an intersite-
hybrid peak contained in the Fe K-edge spectra of some materials. This feature is attributed to
non-local transitions of Fe 1s electrons to Fe 3d states on the next-nearest-neighbor atom that are
hybridized with Fe 4p states on the absorbing atom through O 2p states. In this study, it is shown
that the intensity of this feature is strongly dependent on the Fe–O–Fe bond angle; the lower the
Fe–O–Fe bond angle, the less intense the intersite-hybrid peak is. Fe L- and O K-edge XANES
spectra were also collected in order to investigate the electronic structure of these technologically
relevant materials.
vi
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Chapter 1
INTRODUCTION
Acquiring fundamental knowledge of the complex interactions present in solid-state materials is
essential for the rational design and engineering of materials for use in a variety of applications,
and is at the heart of solid-state chemistry. To facilitate a better understanding of a material, it
is necessary to fully develop techniques which provide insight into the nature and origins of the
material’s structure and physical properties. One technique that is especially useful to this end
is X-ray absorption spectroscopy (XAS), which involves using X-ray radiation to excite core-
electrons to conduction and continuum states. While XAS experiments have been performed for
many decades, a complete understanding of how the features found in XAS spectra relate to the
structure and physical properties of a material has yet to be achieved.
The focus of this thesis will be the exploration of how the features contained in the pre-edge
region of a transition-metal K-edge XAS spectrum may be used to characterize the changes that
occur within a material upon metal substitution. This thesis will discuss how changes in the pre-
edge features can be analyzed to determine how both the oxidation state and coordination number
of a metal center change with substitution through a study of Sr2Fe2-xMoxO6 double perovskites
(Chapter 2). The relationship between the pre-edge intensity and the covalency of the bond be-
tween the transition-metal centre and its neighboring ligands will be examined by studying the
Cu2FeSn3-xTixS8 spin-crossover materials (Chapter 3). Finally, the relationship between the struc-
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ture of a material and the intensity of a poorly understood pre-edge feature known as an intersite-
hybrid peak will be illustrated by considering XAS spectra from a series of rare-earth orthorferrites
(Chapter 4).
1.1 X-ray Absorption Spectroscopy: An Overview
X-ray absorption spectroscopy describes a group of powerful techniques that provide information
about the structure and chemical environments in a material. The use of XAS techniques has
flourished concurrently with the development of next-generation synchrotron radiation sources,
higher-quality X-ray optics, and highly adaptable experimental set-ups. To better understand the
experiments performed in this thesis, an overview of the theory and methods behind XAS will be
presented.
1.1.1 XANES and EXAFS
X-ray absorption spectroscopy describes a set of techniques in which monochromatic X-rays are
used to excite core-shell electrons to conduction or continuum states. Because core-state elec-
trons are being excited, the technique is element specific and the spectra are highly sensitive to
the oxidation state and chemical environment of the absorbing atom [1–3]. As such, XAS tech-
niques have found use in a variety of fields, including materials science, earth science, and the life
sciences [2, 4, 5]. An example of an XAS spectrum, the Fe K-edge from Fe2O3, is presented in
Figure 1.1a. There is a large jump in the absorption coefficient at 7126.5 eV, and this feature is
called an absorption edge [1–3]. The region starting just before the absorption edge and ending just
after the absorption edge is often referred to as the X-ray absorption near-edge structure (XANES)
region. Oscillations in the absorption spectrum are observed at energies higher than the absorption
edge, and these oscillations are referred to as extended X-ray absorption fine structure (EXAFS).
While XANES and EXAFS each represent one part of a total XAS spectrum, it is often beneficial
to discuss the theory behind each phenomenon separately.
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Figure 1.1: (a) The full Fe K-edge XAS spectrum from Fe2O3 is presented and may be divided into two
regions: the XANES spectrum and the EXAFS spectrum. (b) The k-weighted EXAFS spectrum from
the Fe K-edge of Fe2O3 is plotted as a function of k. These oscillations are a result of photoelectron
interference patterns and can be used to determine the local structure around the absorbing Fe centre.
(c) The Fe K-edge XANES spectrum from Fe2O3 is plotted with the Fe K-edge spectra from FeO and
FeS. These spectra are divided into two regions: the main-edge and the pre-edge. Shifts in main-edge
energy are observed when the oxidation state and coordinating ligands are changed. (d) The pre-edge
of the Fe K-edge spectrum from Fe2O3 is compared to pre-edges from FePO4·xH2O and FePO4. Large
changes in the lineshape and intensity are observed when the coordination geometry changes.
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1.1.1.1 EXAFS
The EXAFS phenomenon is observed when a core electron is excited out of the atom. This photo-
electron can scatter off the neighboring atoms [3,6,7]. If the scattering path includes the absorbing
atom, then constructive and destructive interference of the photoelectron wave-function may oc-
cur, increasing or decreasing the probability of absorption [3, 6, 7]. Generally, the oscillations in
intensity are plotted in k-space, as shown in Figure 1.1b. (k is the magnitude of the wave vector of
the photoelectron and has units of A˚-1.) Assuming that there is no polarization dependence, and
that the spectra are collected at low temperatures, the EXAFS may be expressed as [3, 6–8]:
χ(k) =∑
j
N j
kR2j
S2oFj(k)e
−2k2σ2e−2R j/λ (k) sin
[
2kR j +ψ(k)
]
(1.1)
Here, N is the number of atoms at a distance Rj away from the absorbing atom. So is an amplitude
factor, which is usually set at 0.7-0.9, and Fj is a backscattering factor for the neighboring atom
and is dependent on the number of electrons in the scattering atom. The first exponential term,
e−2k2σ2 , is a Debye-Waller factor which accounts for disorder in the system (both from thermal
vibrations and structural disorder), while the second exponential term, e−2R j/λ (k), accounts for the
mean-free path of the electron [3, 6–8]. Structural information can be elicited from this equation
by fitting models to the data and, from such an analysis, the bond-distances, coordination number,
and the identity of the coordinating atoms may be determined [3, 6–8]. However, a full discussion
of such an analysis is beyond the scope of this thesis.
1.1.1.2 XANES
In contrast to EXAFS, where the electron is excited out of the absorbing atom, the XANES spec-
trum is observed when the core-electron is excited into a bound or partially bound unoccupied
conduction state (Figure 1.2) [1]. These spectra are referenced by the principle quantum number
(n) of the electron being excited, as shown in Figure 1.2 [3,9,10]. In this thesis, only K-edge spectra
(excitation of 1s electrons) and L2,3-edge spectra (excitation of 2p electrons) will be considered.
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Figure 1.2: A typical energy diagram for transition-metal K- and L-edge XANES is shown. The K-edge
mostly consists of 1s→np transitions (though 1s→3d transitions may occur) and the L1 edge consists
of 2s→ np transitions. The L2 and L3 edges occur when a 2p electron is excited into an (n-1)d state,
and these edges are split by spin-orbit coupling.
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The probability of a particular excitation occurring can be described using Fermi’s Golden
Rule [3, 10, 11]:
P =
2pi
h
∣∣〈Φ f ∣∣Tˆ ∣∣Φi〉∣∣2 δEF−Ei−h¯ω . (1.2)
Here, P is the probability of a transition, h¯ is the reduced Planck’s constant, Tˆ is the transition
operator, δ is a Dirac delta-function, Φi and Φ f are the initial- and final-state wavefunctions,
respectively, Ef and Ei are the energies of the initial and final states, and ω is the angular fre-
quency of the photon. Tˆ can be expressed as the sum of all the possible transition pathways (i.e.
Tˆ = Tˆ1 + Tˆ2 + Tˆ3 . . . ) [1]. Here, only one-photon transitions will be considered, and the transi-
tion operator, Tˆ1, as a first approximation can be considered equal to the interaction Hamiltonian
(Tˆ1 = Hˆ1). By considering the electric field of the photon, Tˆ1 can be expressed as:
Tˆ1 ∝∑
q
(eˆq ·p)eik·r. (1.3)
where eˆq is a unit vector indicating the polarization of the electric field, p is the momentum vector
of the electron, and k is the wave-vector of the photon [1]. Expressing the exponential term as a
Taylor expansion leads to:
Tˆ1 ∝∑
q
[(eˆq ·p)+(eˆq ·p)(ik · r)+ . . .] . (1.4)
Here, the (eˆq ·p) term expresses the electric dipole transition while the (eˆq ·p)(ik · r) term ex-
presses a quadrupolar transition [1]. In general, the quadrupolar term is 100 to 1000 times smaller
than the electric dipole transition component and is often approximated to be 0 [1]. By incor-
porating this approximation, and considering the commutative relationship between the position
operator and the atomic Hamiltonian, the transition operator can be as [1]:
Tˆ1 =∑
q
(eˆq · r) . (1.5)
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Substituting Equation 1.5 in Equation 1.2 leads to an expression of Fermi’s golden rule as:
P ∝∑
q
∣∣〈Φ f ∣∣(eˆq · r)∣∣Φi〉∣∣2 δEF−Ei−h¯ω . (1.6)
The matrix element,
∣∣〈Φ f ∣∣(eˆq · r)∣∣Φi〉∣∣2, is an integral over all space [1, 11, 12], i.e.,
∣∣〈Φ f ∣∣(eˆq · r)∣∣Φi〉∣∣= ˆ Φ f (eˆq · r)Φidτ. (1.7)
Thus the matrix element may only be non-zero if the integrand in Equation 1.7 is an even function.
The dipole operator, (eˆq ·p), is an odd function, and therefore Φ f must be an even function and
Φi must be an odd function (or vice versa). (The product of an even function and an odd function
is an odd function, while the product of two odd functions is an even function.) If a one-electron
excitation process is assumed, then the only way to satisfy this symmetry requirement is if 4l =
±1, where l is the angular momentum number [1, 11, 12]. This result is often referred to as the
dipolar selection rule, and is interpreted to result from the conservation of angular momentum
[1,11,12]. It should be noted that this derivation indicates that quadrupolar transitions are allowed
(the quadrupolar term of the transition operator was discarded as an approximation, see Equation
1.4), though they are expected to be much weaker than the dipolar transitions. Here, the Dirac delta
function, δEF−Ei−h¯ω , maintains the conservation of energy and also implies that the probability of
an excitation is proportional to the empty density of states (DOS) [1]. However, because exciting
a core electron will result in the formation of a core hole, the XANES spectrum does not resemble
the ground-state DOS, but instead resembles the DOS of a similar system where a Z+1 atom
replaces the absorbing atom (Z is the atomic number of the probed atom) [1]. Further, the shape of
the unoccupied DOS will also be convoluted by a Lorentzian function due to the finite core-hole
lifetime, which limits the maximum attainable energy resolution, as per the Heisenberg uncertainty
principle [1, 13].
Fe K-edge XANES spectra from Fe2O3, FeO, and FeS are presented in Figure 1.1c. These
spectra are divided into two regions. The pre-edge, which arises from weak, quadrupolar Fe 1s
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→ Fe 3d states contains information about the oxidation state and coordination geometry around
the excited atom [14–21]. (The pre-edge excitations also contain some ligand p character, which
contributes dipolar character to these excitations.) The higher energy feature is the main-edge
region, which consists of strong, dipolar Fe 1s→ Fe 4p states and contains information about the
oxidation state of the excited atom and some structural information [2, 5, 22–24].
The main-edge energy, defined as the inflection point of the lowest-energy most intense dipolar
peak, is characteristic of the oxidation state of the material. A large change in the energy of the
main-edge is often indicative of a change in the oxidation state, and the edge energy will increase as
the oxidation state of an ion becomes more positive [2,5,22–25]. This is because an increase in the
oxidation state reduces the amount of screening of the nucleus that the core electron experiences,
increasing the amount of energy required to excite the electron away from the nucleus [2,5,22–25].
An example of this is shown in Figure 1.1c, where the absorption edge of FeO (Fe2+) is found
at much lower energy than that of Fe2O3 (Fe3+). Similarly, changes in the electronegativity of
neighboring atoms may also cause shifts of the edge energy. As the neighboring atoms become
more electronegative, they withdraw electron density from the atom being probed. This will result
in decreased screening of the nuclear charge, and the absorption-edge will be shifted to higher
energy [2, 25, 26]. (The opposite trend will be observed if more electropositive neighbors are
substituted into a system.) This is also illustrated in Figure 1.1c through a comparison of edge
energies of FeS (Fe2+) and FeO. (O is more electronegative than S [27].) In general, for transition-
metal K-edge spectra, changes in the main-edge energy due to oxidation state versus changes
due to variations in the electronegativity of the neighboring atoms may be distinguished by the
magnitude of the change. Changes attributable to a varying oxidation state will generally be large
(on the order of a few eV), while changes attributable to the electronegativity of the neighboring
atoms are generally smaller [2, 5, 22–25].
The pre-edge region of a transition-metal K-edge spectrum provides information about the co-
ordination environment and oxidation state of the absorbing metal centre [14–21]. Changes in the
oxidation state of the transition metal will cause shifts in the energies of the pre-edge features,
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similar to the main-edge [2, 24, 25]. More interesting though, is the information contained in the
pre-edge regarding the coordination environment of the transition metal centre. When the degen-
eracy of the d-orbitals is broken by crystal field splitting, the line-shape of the pre-edge provides
information on the coordination geometry and d-orbital occupancy of the transition-metal cen-
tre [17, 18, 28, 29]. Further, if inversion symmetry around the metal centre is lost, an increase in
the intensity of the pre-edge will be observed as well [17, 18, 28, 29]. Losing inversion symmetry
results in the local mixing of the transition-metal np and (n-1)d states, which increases the dipolar
character of the excitation [17, 20, 21]. Because a small increase in dipolar character will have a
large effect on the intensity, the increase in intensity is expected to be large even for very small
increases in dipolar character. A comparison between octahedrally coordinated Fe in FePO4·H2O
and tetrahedrally coordinated Fe in FePO4 is a good example of such behaviour (Figure 1.1d). In
the Fe K-edge pre-edge from FePO4·H2O, two features (A1 and A2) are observed, and these arise
from excitations to Fe 3d t2g and Fe 3d eg* states, respectively [28,30]. When the coordinating wa-
ter molecules are removed, the Fe occupies a tetrahedral site, and the line shape changes to reflect
the new distribution of Fe 3d states [28]. Further, a large increase in intensity is observed, due to
the increased dipolar character of the final states. Thus, by tracking changes in the lineshape and
intensity of the pre-edge features, insight on changes in the oxidation state and oxygen deficiency
in very complicated systems can be achieved. The study the Sr2Fe2-xMoxO6 double perovskites
presented in Chapter 2 details such an analysis.
Interestingly, in some oxides such as TiO2, Fe1-xGaxSbO4 and TbMnO3 (which is structurally
analogous to the rare-earth orthoferrites discussed in this thesis), an anomalous structure has been
observed that cannot be explained only by local 1s→ (n-1)d transitions [15, 19, 22, 31–33]. This
feature is also observed in Fe2O3 and is labeled as A3 in Figure 1.1d. It has been proposed that this
spectral feature, dubbed an intersite hybrid, is a result of excitations to non-local states arising from
np states on the excited metal atom (M) interacting with (n-1)d states of next-nearest-neighbour
(NNN) metal atoms (M’) through O 2p states (M np–O 2p–M’ (n-1)d) [15, 31, 32]. The mixing
of NNN (n-1)d states with np states on the absorbing atom provides some dipolar character to
9
this excitation, which makes it discernible from the weak pre-edge structure resulting primarily
from local quadrupolar 1s → (n-1)d transitions. It has been shown that the intersite hybrid peak
is observed only when the M–O–M’ bond angle is greater than 90°; however, no systematic study
has been performed to study how the intersite hybrid peak is affected by changes in this angle [14].
This relationship was thoroughly investigated in the study of the REFeO3 orthoferrites presented
in Chapter 4.
1.1.2 Generating Synchrotron Radiation
While Schott first theorized synchrotron radiation in 1912, it became relevant in the 1940s when
circular accelerators began to be developed with energies high enough for synchrotron radiation
effects to be significant [34, 35]. When synchrotron radiation was first observed in 1947 at the
General Electric Research Laboratory in Schenectady, New York, it was initially regarded as an un-
fortunate energy loss mechanism rather than as a tool for research [35]. (Interestingly, synchrotron
radiation is named after the GE accelerator, independently dubbed a synchrotron, though both
Schott and Schwinger developed their descriptions of the theory before the device was invented.)
It was not until 1953 that the first experiments utilizing synchrotron radiation were performed,
and in 1954, the first absorption spectrum collected using synchrotron radiation was reported by
Tomboulain and Johnston at Cornell [35, 36].
Initial experiments using the parasitic synchrotron radiation from particle accelerators designed
for high-energy physics experiments, were tenuous due to the operation schedules of the acceler-
ators, which were tailored for particle physics experiments. Further, the lattices for these accel-
erators (i.e., the arrangement of the magnets which direct and accelerate the particle beams) were
not optimized to produce synchrotron radiation [34, 35]. The idea of dedicated synchrotron light
sources was first realized in the mid-1970s when Chasman and Green designed a lattice that was
specifically optimized for the generation of bright synchrotron radiation by decreasing the horizon-
tal emittance of the electron beam [34, 37]. (The emittance is essentially a measure of the width
and angular divergence of the electron beam.) Brightness is defined as photons/s/mm2/mrad2/0.1%
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bandwidth (where 0.1% bandwidth indicates only photons with energies of ±0.1% of a specified
energy), and is important because it is characteristic of the light source and cannot be improved
using optics [9, 10, 38]. The Chasman-Green lattice is now used in both second-generation syn-
chrotron sources, such as the National Synchrotron Light Source (NSLS) at the Brookhaven Na-
tional Laboratory, and modern-day third generation synchrotron sources such as the Advanced
Photon Source (APS).1
Synchrotron radiation is generated when electrons moving at relativistic speeds are accelerated
around a curve, and it is characterized by its high intensity and narrow divergence [10, 34, 38]. In
general, a charged particle will emit radiation when accelerated, and this radiation will be emit-
ted radially away from the direction of acceleration, forming a donut-like shape. This same phe-
nomenon occurs in a synchrotron, and in the reference frame of the accelerated particle, the emitted
pattern still resembles the radial donut shape. However, from the reference frame of the laboratory,
the radiation will appear to be focused into a narrow cone that is emitted tangential to the path of
the electron [10, 34, 38]. Thus, the relativistic effects create the high-intensity photon beams that
characterize synchrotron radiation.
A series of accelerators are used in order to accelerate electrons to the relativistic speeds re-
quired to generate synchrotron light at most synchrotron facilities. At the Canadian Light Source
(CLS), the journey of an electron first begins at a linear accelerator. The linear accelerator ac-
celerates the electrons to 250 MeV. These high-energy electrons are then injected into a circular
accelerator called a booster ring, which further accelerates them to 2.9 GeV. Once the electrons
have been accelerated to 2.9 GeV, they are injected into the storage ring, which is where they are
used to produce light. The storage ring consists of alternating straight sections and bends. The stor-
age ring also contains a radio frequency (RF) cavity, which compensates for the electron energy
lost to synchrotron radiation as electrons travel around the storage ring.
The electron beam is curved using dipolar bend magnets. In addition to causing the electron
beam to curve, these bend magnets also produce light (because the electrons are changing direc-
1For further information regarding the development dedicated synchrotron radiation facilities the reader is referred
to the fascinating account of the challenges of building the NSLS given by Crease in [35, 39].
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tion) and this light can be used for experiments. The emission spectrum of the light produced by a
bend magnet is broad, and depends on both radius of the turn (the bend magnet field strength) and
the energy of the beam. Bend magnet sources are often characterized by a parameter referred to
as the critical energy, Ec [10, 38]. The critical energy is defined as the energy where all the light
below this energy accounts for half of the instantaneous power of the beam. It may be expressed
as:
Ec =
3h¯cγ3
ρ
= 0.665BoE2 (1.8)
where c is the speed of light, h¯ is reduced Planck’s constant, ρ is the bend-magnet radius, Bo is the
magnetic field strength, and γ is the relativistic factor [38]. γ is expressed as:
γ =
1√
1− (ν/c)2
(1.9)
where ν is the electron velocity [10, 38]. The maximum energy at which useable flux may be
collected is usually 4Ec. In convenient units, Equation (1.8) may be expressed as:
Ec(keV ) = 0.665Bo(T )E2(GeV ) (1.10)
From Equations (1.8) and (1.10), it can be seen that Ec may be increased by decreasing the bend
radius (increasing the magnetic field) or increasing the electron energy. However, neither option is
easily realized, as changing the electron energy requires extreme redesign of the storage ring, and
increasing the bend magnet strength often results in an increased electron beam emittance (which
lowers the overall possible brightness of the beam) [37, 38]. However, superbend magnets, which
use magnetic fields of up to 5 T do exist (most notably at the Advanced Light Source), and may be
used to generate high-energy X-rays from relatively low-energy storage rings [40].
While bend magnets are the most obvious way to generate synchrotron light, it may also be
produced in the straight sections by using magnetic arrays known as insertion devices. Insertion
devices may be separated into two categories, wigglers and undulators, though both are related and
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represent two extremes of a continuous gradient [10, 34, 38, 41]. Both types of insertion devices
consist of a series of magnets with alternating dipoles aligned so that the oscillating magnetic field
is perpendicular to the path of the electron beam. Wiggler and undulators are characterized by
the strength of the magnetic field generated by these arrays and the number of magnets (which
characterizes the magnetic period). These properties can be quantified using the dimensionless
K-factor, which describes the deflection of the electrons, and is expressed as:
K =
e
2pimec
Boλp, (1.11)
where e is the charge of an electron, me is the mass of the electron, and λp is the magnetic period
[9, 10, 34, 38, 41]. The K-factor has physical relevance as it can be used to describe the maximum
angular deflection of the electron beam. Wigglers consist of a few strong magnets (i.e. large
magnetic period and strong field strength), and the electrons travel on a path with a small number
of large amplitude oscillations [9,10,34,38,41]. As a result, K1 in a wiggler. Wigglers produce
a broad spectrum of high intensity light over a broad horizontal fan [9, 10, 34, 38, 41]. While the
emission spectrum from a wiggler resembles that of a bend magnet, a wiggler produces light with
greater brightness than a bend magnet [9, 10, 34, 38, 41]. Ec is expressed by Equation 1.8 for a
wiggler, and in general, because stronger magnets can be used in a wiggler without significant
distortion of the electron beam shape, Ec is higher for wigglers than for bend magnets [9, 10, 34,
38, 41].
In contrast to a wiggler, an undulator uses a large number of weak magnets (i.e. small magnetic
period and weak field strength) and K∼1. This causes the electrons to follow a path with a large
number of small-amplitude oscillations [9, 10, 34, 38, 41]. Interestingly, the oscillations are small
enough that the light cones emitted from each oscillation may begin to interact with each other
coherently [9, 10, 34, 38, 41]. The resulting constructive and destructive interference results in the
formation of narrow emission regions (harmonics) which is very bright (relative to wigglers and
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bend magnets). The wavelength of the nth harmonic is given by:
λn =
λp
2nγ2
(
1+
K2
2
+ γ2θ 2obs
)
n = 1,2,3..., (1.12)
where θobs is the observation angle relative to the average electron direction [9, 10, 34, 38, 41]. In
convenient units, the energy of the nth harmonic is given by [9, 10, 34, 38, 41]:
En(keV ) = 0.950
nE2(GeV )
λp(cm)
(
1+ K
2
2
) (1.13)
The harmonics have too small an energy distribution for a typical XAS experiment, and the energy
at which they appear must be changed. In order to achieve these shifts, the gap between the upper
and lower magnet arrays is changed, resulting in either an increased (smaller gap) or decreased
(larger gap) magnetic field strength. (Increasing Bo increases K, see Equation 1.11.)
1.1.3 The Beamline - A Typical Hard X-ray Set-up
Once synchrotron light has been produced, it is then collected, monochromated, and used in ex-
periments. The equipment that is used for this purpose is generally referred to as a beamline.
In general, a beamline consists of three parts: a front-end, an optics section, and an endstation.
However, what occupies these parts of the beamline varies vastly from one set-up to the next,
and, as such, it is difficult to describe a typical set-up. For instance, the optics used to produce
monochromatic light will vary vastly depending on what energy of light is to be used. Given this,
this introduction will only focus on a typical beamline set-up which may be used for hard X-ray
EXAFS and XANES experiments. (Here, hard X-rays are defined as those with energies greater
than 2 keV.)
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Figure 1.3: (a) A cartoon schematic of a double crystal X-ray monochromator is shown. The addition
of a second crystal allows for the selection of different energies with minimal change in the beam
position. (b) Bragg reflection off of a single crystal. The wavelength (energy) of the light reflected will
depend on θ .
1.1.3.1 X-ray optics: The Double Crystal Monochromator
For an XAS beamline, the purpose of the X-ray optics is produce highly monochromatic, tun-
able X-rays in a shape and spot size appropriate to the sample. In this regard, the most important
optical component (and perhaps the most important component in the entire beamline) is the dou-
ble crystal monochromator [42]. This device consists of two single crystals mounted parallel to
each other (Figure 1.3a) and uses Bragg diffraction to separate individual wavelengths of light.
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Bragg diffraction is described by Bragg’s law, which states:
nλ = 2d sinθ , n = 1,2,3... (1.14)
where λ is the wavelength of the diffracted light, d is the lattice plane spacing, and θ is the angle of
diffraction [12, 42]. The wavelength is inversely proportional to the energy of the photons, and by
changing the angle between the crystal face and the incident beam, photons having a given energy
can be selectively collected. As illustrated in Figure 1.3b, only one crystal is required to attain the
energy separation, but the position of the beam spot would be energy dependent. To alleviate this
problem, a second crystal is added (mounted parallel to the first crystal) and is connected to the
same tracking motor as the first crystal. This ensures that the beam spot remains relatively constant
across the entirety of a scan [42].
XAS beamlines typically use Si single crystals for the monochromator, owing in part to their
favourable thermal properties and relatively low prices (due to the manufacturing advances made
by the semi-conductor industry) [42]. Diamond crystals may also be used, but these are less
common due to their high price [42]. In general, the material and crystal face must be chosen
so that the crystal provides both high flux and high resolution. However, these two parameters
are often mutually exclusive, and the beamline is designed to achieve a balance between both
factors. For XAS beamlines, using either the Si(111) or Si(220) faces is common. Here, the
former optimizes flux at the sacrifice of resolution, while the later increases resolution at the cost
of flux [9,43,44]. It is also important to orient the crystal face, as crystal glitches may occur which
dramatically reduce the flux at a given energy. Crystal glitches occur when the desired wavelength
to be collected also satisfies the Bragg equation for another crystallographic plane in the crystal
(but at a different θ value) [45]. This decreases the number of photons that may be used for the
experiment.
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Figure 1.4: A schematic of a typical set-up for a hard X-ray XAS experiment. The photon beam first
enters through the Io ion chamber and is then transmitted through the sample and the transmitted beam
is measured with the IT ion chamber. Fluorescence can be collected simultaneously and a transmission
spectrum from a known standard may also be measured concurrently with the sample spectrum to
facilitate accurate energy calibration.
1.1.3.2 An Endstation Designed for XAS Experiments
Once monochromatic X-rays have been collected and shaped, they can be used for XAS exper-
iments. These experiments are performed in the endstation section of the beamline. While the
front-end and optics of a beamline can vary in minor ways, it is in the endstation where beamlines
are truly differentiated, and where the experiment-specific set-ups are most commonly found. This
is also the region of the beamline that the user will interact with the most. Generally, for hard-
X-ray beamlines, the endstation equipment is designed to be modular, allowing for the endstation
to be easily adapted for a variety of experiments. However, in some cases, such as for vacuum
ultra-violet (VUV) and soft X-ray beamlines, the low-energy light requires a high-vacuum envi-
ronment, and the endstation set-ups are less flexible. Given the wide variety of endstation set-ups
possible (even for one beamline), only a typical setup used for hard X-ray XANES and EXAFS
experiments will be described here.
A schematic of a typical hard X-ray XAS beamline experiment is illustrated in Figure 1.4,
where both transmission and fluorescence signals are collected. The sample is generally mounted
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at a 45° angle to the incident beam and placed between two ionization chambers, Io and IT. Usually,
the sample is mounted in air, though various sample stages, including in-situ cells and cryostat
systems sealed with X-ray transparent Be windows, may be used. An in-line measurement of a
calibration spectrum can be collected by placing a reference sample (usually a metal foil) between
the IT and IREF ion chambers (Figure 1.4) [3]. The ionization chambers measure the intensity of
the X-ray beam, and allow for the measurement of transmission data. Ionization chambers consist
of a tube that is sealed on both ends with an X-ray transparent material. Gas(es) is (are) flowed
through the tube, and a potential is applied perpendicular to the gas flow. As the X-rays pass
through the chamber, a small portion of the X-rays ionize some of the gas molecules, resulting in
a current that is proportional to the intensity of the X-ray beam. (The current is converted into a
voltage, which is the value that is measured.) The gases that are used in the ion chamber are varied
based on what X-ray energies are being selected. Generally, He, N2, or Ar (or some mix of the
three) is used [9]. For low-energy beams, He or a He/N2 mix is typically used, as it has a relatively
low X-ray cross-section, so only a small number of the incident X-rays are absorbed [9]. For high
X-ray energies, however, He is too poor an X-ray absorber, so too little signal will be registered,
and a heavier gas with a larger absorption cross-section, such as Ar must be used. N2 is generally
used for medium-energy X-rays (i.e. ∼5 keV-10 keV).
Transmission measurements use the Beer-Lambert law to measure the absorption cross-section
of a material. In this case, the Beer-Lambert law may be expressed as:
IT = Ioeµ(E)x (1.15)
where IT is the transmitted beam intensity, Io is the initial beam intensity, x is the sample thickness,
and µ(E) is the absorption coefficient of the sample, which is a function of the photon energy and
is related to the transition probability, P (see Equation equation (1.6)) [3, 8]. Because µ(E) is
the sum of the absorption coefficients of all the components in a material (i.e., µ(E) = ∑
i
µi(E),
where µi(E) is the absorption coefficient of the ith component of the mixture), the sample must
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be sufficiently concentrated for a change in µ(E) to be observed [3]. The Beer-Lambert law
is only valid when transmission through the sample is uniform. Thus, when using the Kapton
tape preparation method (see Section 2.2.2 on page 38), care must also be taken during sample
preparation to prevent pinhole effects. These effects occur when the sample contains small regions
that are either thicker or thinner than the average thickness of the powder layer, resulting in non-
uniform transmission [3]. Pinhole effects can be minimized be ensuring that the sample is finely
ground, and by using multiple sample tape layers.
It is better to collect fluorescence data when a sample is dilute and it is not possible to collect
transmission data [3]. There are several types of fluorescence detectors currently available, and
these are broken up into two categories: energy dispersive and non-energy dispersive. For hard
X-ray experiments, it is advantageous to use an energy dispersive detector as the fluorescence
emission lines are typically well-separated compared to low-energy fluorescence lines, allowing
for the selective collection of the emission line relevant to the absorption edge being studied. While
several energy dispersive fluorescence detectors are available, the most common is a multi-element
Ge detector [46]. In this set-up, each detector element is essentially a mini-detector, and the signal
from each element can be averaged to give a high quality spectrum.
When measuring XAS spectra via fluorescence, it is important that the sample is dilute and
either very thin or infinitely thick (relative to the penetration depth of the X-rays). The reasons
for this become evident upon consideration of the relationship between µi(E) and the ratio of IF/Io,
expressed as:
IF
Io
= A
µi(E)
µ(E)+µ(EF)
(
1− e−x(µ(E)+µ(EF ))
)
(1.16)
where EF is the fluorescence emission energy, A is a constant, x is the sample thickness, µi(E) is the
absorption coefficient of the atom of interest, µ(E) is the total absorption coefficient, and µ(EF)
is absorption coefficient of the atom of interest at the fluorescence emission energy [3, 46, 47].
When x is very large (relative to the X-ray penetration depth), the exponential term approaches 0.
Further, if the sample is dilute, µi(E) µ(E) and the term µ(E)+µ(EF) will be approximately
independent of µi(E) . Therefore, Equation 1.16 may be simplified, and IF/Io ∝ µi(E). If the sample
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is very thin, then x will be small and the exponential term may be approximated as:
e−x(µ(E)+µi(EF )) ≈ 1− x(µ(E)+µi(EF)) (1.17)
and again, assuming the sample is dilute, IF/Io ∝ µi(E). If the sample is not dilute, then µ(E) cannot
be approximated as constant, and self-absorption effects will occur. (Self-absorption effects may
occur even when the sample is very thin or very thick.) When self-absorption effects occur, the
fluorescence photons are re-absorbed by the sample, resulting in the loss of the linear relationship
between IF/Io and µi(E). Hence, it is important to choose a detection technique that is appropriate
to the sample to be studied.
1.2 Sr2Fe2-xMoxO6 Double Perovskites
Now that the theory and practice of XAS has been discussed, focus will now shift to exploring the
properties of the systems studied by XANES in this thesis. Transition-metal oxides adopting the
perovskite-type structure have been found to have many useful chemical and physical properties,
and have been the subject of a wide variety of investigations over the past 60 years [48–51]. Oxide-
based perovskites have a general formula of ABO3, where A is a large cation (usually an alkaline
earth metal) and B is a small cation (usually a transition metal) [48–51]. (Halide-containing per-
ovskites are also known, but are less common.) In these materials, the B cations form a network
of corner-sharing BO6 octahedra and the A cations occupy the 12-coordinate interstitial voids be-
tween the octahedra, and the unit cell is normally cubic (Pm3¯m) [48, 52–55]. A common variation
of the perovskite-type structure is the double perovskite, which has the general formula A2BB’O6
(or AA’B2O6), where B and B’ are two different cations. At present, over 300 different materials
exhibiting the double perovskite structure have been discovered, and many of these were origi-
nally discovered between the early-1950s and mid-1970s [52, 56]. In the 1980s, research on the
double perovskites was further aided by neutron-scattering experiments, which were better able to
characterize the structures of the double-perovskites [56]. (Though based on the cubic perovskite
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structure, double perovskites often exhibit distortions from cubic symmetry, and identifying the
correct space group is often a challenge; vide infra.) However, while the double perovskites have
been of interest to solid-state chemists for nearly 6 decades now, it was not until relatively recently
(within the past 20 years) that these materials began to be heavily investigated for their interesting
physical and chemical properties. One example of this is the Sr2FeMoO6 double perovskite, which
is one of the subjects of study in this thesis. Though first discovered as early as 1963, intensive
research of this system began only after Kobayashi’s seminal 1998 Nature paper regarding the
presence of colossal magnetoresistance (CMR) in Sr2FeMoO6 [52, 57]. (Sr2FeMoO6 is known
to be oxygen deficient and is technically better expressed as Sr2FeMoO6-δ , but for the sake of
convenience it will be referred to as Sr2FeMoO6 [58–61].)
While Sr2FeMoO6 has been well studied, the exact structures of the Sr2Fe2-xMoxO6 com-
pounds are still poorly understood. When the Mo content is low (x ≤ 0.50), the system is highly
disordered and the powder XRD and neutron powder diffraction patterns from these materials
are best fitted by a cubic, Fm3¯m structure (Figure 1.5) [52, 53, 62, 63]. When the Mo content is
increased past x = 0.50, the system undergoes a tetragonal distortion, and the powder diffraction
patterns from these materials are best fitted using either the I4/m or I4/mmm space group (see Sec-
tion 2.1 on page 34 for a full discussion) [52,53,62]. The transition from a cubic Fm3¯m structure to
the tetragonal I4/m structure is caused by opposite rotations of the FeO6 and MoO6 octahedra and
results in the formation of two distinct octahedral sites: a larger Fe site and a smaller Mo site [53].
While this transition is known, no satisfactory explanation of the mechanism of distortion has been
proposed, and this issue has been studied using XANES in this thesis.
Determination of the structures of Sr2Fe2-xMoxO6 is further confounded by possible changes
in the Fe and Mo cation ordering. In A2BB’O6 double perovskites (such as the Sr2FeMoO6 double
perovskite), the B and B’ cations have been found to adopt three forms of ordering: 1) random
occupation of the octahedral sites (i.e. no ordering); 2) a rock salt structure; or 3) layering of
sheets of BO6 and B’O6 octahedra [56]. Which form of ordering is present largely depends on the
differences between the oxidation state and size of the B and B’ cations [56, 65]. The rock salt
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Figure 1.5: The Sr2Fe2-xMoxO6 compounds adopt one of two crystal structures. At low values of x,
the undistorted, ordered double perovskite structure is adopted (space group Fm3¯m, left,), consisting of
alternating Fe (grey) and Mo (dark grey) octahedra with Sr atoms (light grey) occupying the interstitial
sites [64]. (The structure shown here represents a perfect Sr2FeMoO6 double perovskite.) As the value
of x is increased, the Fe and Mo octahedra rotate (indicated by the circular arrows), resulting in FeO6
octahedra that are stretched and MoO6 octahedra that are compressed, and this results in a transition
to a tetragonal unit cell (space group I4/m, right). The view along the c-axis (centre right), shows the
rotation of the octahedra (O atoms are shown as grey spheres). The relationship between the lattice
constants from the two space groups is shown below each structure.
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structure will be adapted if the difference between the oxidation states of the B and B’ cations is
greater than 2 [56]. When the difference between the oxidation states of the B and B’ cations is
equal to 2, rock salt ordering of the cations is usually observed, though if the difference between
the ionic radii of the B and B’ cations is less than ∼0.2 A˚ then a random distribution of the B and
B’ cations in the octahedral sites may be observed (leading to a mixed-occupancy single-perovskite
structure) [55, 56, 65, 66]. In the case of Sr2FeMoO6, the B and B’ cations are ordered following
the rock-salt ordering motif (Figure 1.5). In general, the layered double perovskite structure is
relatively rare in A2BB’O6-type systems, with the Ln2CuMO6 (Ln = lanthanide, M = Ge, Mn, Ti,
Ir, Sn, Zr, Pb) family comprising the majority of such examples [56, 67–69].
Though a system may have an overall ordering of the B and B’ cations, it is still possible for
local disorder to occur in the form of anti-site disorder (i.e., a B cation occupies a B’ site, and
vice versa). In Sr2FeMoO6, anti-site disorder significantly affects the magnetic properties of these
materials (vide infra), and determining the nature of these anti-site defects has become a focus
of recent research [70–76]. While composition will affect the propensity for anti-site disorder in
a system, the amount of disorder in a given composition is also strongly affected by a number
of other variables, such as synthetic method and annealing temperature [70–76]. As such, the
physical properties of a given sample of Sr2FeMoO6 are highly dependent on the conditions of its
synthesis, which tends to hinder the comparison of results published by different research groups.
This provides further impetus to develop an understanding of anti-site disorder in these systems. To
this end, a great number of strides have been made. It has been reported that at high temperatures
(>1200 °C), a more disordered phase is favored, while at low temperatures, a highly ordered phase
is favorable though unattainable due to the kinetic limitations of the reaction [63,77,78]. This work
has helped to explain the link between synthetic conditions and anti-site disorder. Further, using
EXAFS, X-ray diffraction (XRD), and electron diffraction techniques, the nature of the disorder
present in these materials has been more fully understood [61, 65, 72]. These studies found that a
single grain of material consists of many ordered domains, and the anti-site disorder is concentrated
at the boundaries between these domains. However, despite these great increases in our knowledge
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of the Sr2FeMoO6 system over the past several years, many other variables that may affect the
properties of this material remain poorly understood. One example of such knowledge deficiency
is the effect of composition on the formation mechanics of these materials. While Sr2FeMoO6
is usually regarded as a stoichiometric compound, it is actually a single composition in of the
Sr2Fe2-xMoxO6 solid solution [59]. Because of this, an understanding of how these materials are
affected by deviations from the Sr2FeMoO6 composition would be highly beneficial. As such, a
series of Sr2Fe2-xMoxO6 (0.25 ≤ x ≤ 1.0) were studied via XANES in this thesis.
The Sr2FeMoO6 double perovskite has been investigated for use in a number of different appli-
cations. For instance, these materials have been investigated for use as anodes in solid-oxide fuel
cells due to their oxygen deficient nature and the presence of both Fe2+/Fe3+ and Mo5+/Mo6+ redox
couples [79]. However, while Sr2FeMoO6 may find use in a variety of applications, its magnetic
properties have drawn the most attention in the literature. Sr2FeMoO6 is ferrimagnetic, having
a Curie temperature between 410 K and 450 K [62]. The magnetic behavior of Sr2FeMoO6 has
been best described assuming that only Fe3+ and Mo5+ are present in these materials; the Fe3+
cations form a ferromagnetic sub-lattice with S = 5/2, while the Mo5+ cations form an oppositely
aligned ferromagnetic sub-lattice with S = 1/2 [52, 57, 76, 80, 81]. (Here S refers to the spin of the
total electron spin of each magnetic centre.) The magnetic interactions in Sr2FeMoO6 arise from a
Fe–O–Mo–O–Fe double-exchange mechanism, and, as such, are highly dependent on the ordering
of the Fe and Mo cations. The double exchange mechanism also leads to the half-metallic nature
of the Sr2FeMoO6 materials [52, 57, 82]. In this case, the Mo5+ 4d electrons occupy a conduction
band when their spins oppose the Fe3+ 3d-electrons (i.e., the conduction band is spin-polarized) .
As a consequence of being both a half-metal and a ferrimagnet, Sr2FeMoO6 has been shown
to exhibit magnetoresistance, which means that the resistance of the material changes upon the
application of a magnetic field. Sr2FeMoO6 has been shown to exhibit both colossal magnetoresis-
tance (CMR) and tunneling magnetoresistance (TMR) [57, 73, 83]. In colossal magnetoresistance,
large changes in the resistivity of a material (orders of magnitude) are observed upon the applica-
tion of a strong magnetic field (on the order of Tesla) whereas TMR is characterized by relatively
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small changes in resistance upon the application of a weak magnetic field. TMR is analogous to
giant magnetoresistance (GMR), and materials exhibiting TMR may be used in spin-valves (which
are commonly used in memory storage applications) [84–86]. Interestingly, TMR is generally
only found in layered thin-film materials, in which an insulating layer can be specifically en-
gineered [84, 86]. However, compressed pellets of Sr2FeMoO6 have been shown to exhibit TMR
without the insertion of an insulating layer, and this behavior has been proposed to arise from com-
positional variation within individual grains [61]. The presence of self-contained TMR is novel,
making Sr2FeMoO6 an attractive material for use in a variety of spintronic applications. However,
most of the theory describing the magnetic properties of Sr2FeMoO6 relies on the oxidation state
assignments of Fe3+ and Mo5+. There has been much debate in the literature regarding the oxida-
tion states of Fe and Mo in Sr2FeMoO6, with assignments ranging between Fe2+ to Fe3+ and Mo5+
to Mo6+ [74, 75, 87–91]. In order to form a theory that accurately describes the properties of the
Sr2FeMoO6 double perovskite, it is necessary to better understand understand how the oxidation
states of Fe and Mo may change with composition. To this end, XANES has been used in this
thesis to determine trends in the changes in the oxidation states of Fe and Mo across a series of
Sr2Fe2-xMoxO6 double perovskites.
1.3 Cu2FeSn3-xTixS8 Thiospinels
The transition-metal chalcogenides are a well-studied group of materials, which are known to ex-
hibit a wide variety of interesting and novel properties. These materials are often structurally
similar to transition-metal oxides with chalcogens (i.e. S, Se, and Te) replacing O as the primary
anion. Because chalcogens have lower electronegativity values than O, transition-metal chalco-
genides often contain bonds with a greater degree of covalency than their O-containing analogues,
leading to complicated electronic structures [92, 93]. Transition-metal sulfides are of particular
importance, which in addition to having interesting physical and chemical properties, constitute
the majority of minerals which are exploited for harvesting non-Fe metals [92, 94–96]. For this,
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Figure 1.6: Cu2FeSn3-xTixS8 thiospinels may adopt a cubic (Fd3¯m) structure [64]. The S ions (light
spheres) are cubic close-packed, forming three non-equivalent tetrahedral voids and two non-equivalent
octahedral voids. Fe, Sn, and Ti are randomly distributed in one of the unique octahedral sites (shown
in dark grey) while Cu occupies only one of the two non-equivalent tetrahedral sites (shown in grey).
and other reasons, the chemistry of the transition-metal sulfides has been of particular interest to
the geochemical community [92–96].
One particular group of transition-metal sulfides that have been well-studied are the thiospinels,
which have been well studied and found to exhibit a wide variety of physical properties [97–103].
For example, the Cu1-xFexCr2S4 thiospinels have been shown to exhibit colossal magnetoresis-
tance, while CuRh2S4 is known to be a superconductor [102,104]. Of particular importance to this
thesis are the Cu2FeSn3-xTixS8 thiospinels, which are usually studied for their use as cathodes in
lithium-ion batteries. Thiospinels adopt a structure analogous to the cubic spinel-structure (space
group Fd3m), and have the general formula AB2S4, where A and B are transition metals [105,106].
In a normal spinel, the A cation has a lower oxidation state and occupies a tetrahedral site while the
B cation has a higher oxidation number and occupies an octahedral site. (The inverse spinel struc-
ture occurs when the cation with the higher oxidation state occupies the tetrahedral site [105,106].)
As with oxide-based spinels, the A and B sites can accommodate a large number of cations, al-
lowing for the optimization of the properties of a given thiospinel. The structure of Cu2FeSn3S8 is
shown in Figure 1.6, and is illustrative of the spinel structure [107]. (Though single crystal studies
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have shown Cu2FeSn3S8 to have a tetragonal unit cell, the distortion from the cubic structure is
slight, and these materials can generally be thought of as being cubic [99,107–110].) In this struc-
ture, the S-atoms are approximately cubic close-packed, with Cu atoms occupying one of three
distinct tetrahedral sites (the other two are empty) and the M atoms (M = Fe, Ti, Sn) randomly
distributed in one of two unique octahedral sites (the other is empty) [98,106,110–112]. The large
number of unoccupied sites allow for the intercalation of various small ions, and is one of the rea-
sons why these materials are desirable for use in electrochemical applications [97, 100, 108, 110].
In the Cu2FeSn3-xTixS8 compounds, as Ti is substituted for Sn, the edge length of the unit cell
contracts from ∼10.33 A˚ to ∼10.00 A˚, resulting in a decrease in both the M–S and Cu–S bond
lengths [98,107,108,110]. Here, Fe adopts a 2+ oxidation state (d6), while Cu a 1+ oxidation state
(d10), and Sn and Ti both adopt a 4+ oxidation state (d10 and d0, respectively) [98, 99, 110]. Inter-
estingly, while Cu+1, Sn4+, and Ti4+ all contain either empty or full d-orbitals, the Fe2+ ions have
only partially-filled d-orbitals, which may adopt either a low-spin (LS; i.e., t2g6eg*0) or high-spin
(HS; i.e., t2g4eg*2) electron configuration. Recently, the Cu2FeSn3-xTixS8 compounds have been
shown to exhibit interesting magnetic behaviour, undergoing what is known as a spin-crossover
transition [98].
The spin-crossover (SCO) transition is a phenomenon in which a transition-metal undergoes a
transition from a LS state to a HS state, or vice versa [113–115]. When the crystal field-splitting is
much greater than the electron-electron repulsion energy, the LS state is favoured. However, when
the crystal field-splitting is small compared to the electron-electron repulsion energy, the system
energy is minimized when the HS state is adopted [116]. A more interesting scenario arises when
the crystal field-splitting energy and electron-electron repulsion energy are nearly equal, and the
interplay between the two values leads to the observation of SCO transitions. Because the crystal-
field splitting must be on the order of the electron-electron repulsion energy, the SCO transition is
usually only observed when the metal centre is in an octahedral coordination environment [115–
117]. However, a pressure-dependent SCO transition has been recently reported in SrFeO2, where
Fe occupies a square planar coordination environment [118]. Interestingly, the SCO transition is
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often accompanied by a small changes in structure, making the relationship between the repulsion
energy and crystal-field splitting energy dynamic [116].
An SCO transition may be induced by a number of different perturbations which change the
energy of a system. These include irradiation with UV light, changes in pressure, changes in
atmosphere, and changes in temperature [118–122]. Due to possible changes in structure, the
spin-transition, in addition to changing the magnetic properties of a material, may also result in
significant changes in the physical properties of the material as well. Because these systems react
in a measurable and known manner, they have been explored for use in a number of applications
including use as sensors, molecular switches, displays, and memory storage devices [123, 124].
While materials exhibiting the SCO have been known since the 1930s, study of the SCO transition
has undergone a type of renaissance, with research focusing on optimizing how the SCO transition
is exhibited so that it may be exploited for use in the previously mentioned applications [115, 117,
125].
An important parameter that characterizes an SCO material is the spin-transition temperature,
defined as the point where the number of metal centres in a HS state equals the number of centres in
a low LS state. An SCO material may be further characterized by the transition behaviour around
the transition-temperature. For example, a gradual and reversible transition may be observed
around the transition-temperature, as is the case for the Cu2FeSn3-xTixS8 thiospinels. Often, the
transition may exhibit hysteresis, and the LS→ HS transition temperature is different from the HS
→ LS transition temperature. Such behaviour is often desirable, as this behaviour can be used in a
number of applications [115,121,124]. For example, polymers similar to [Fe(NH2trz)3](tosylate)2
(trz = C2H3N3, tosylate = CH3C6H4SO3−) have been engineered to have a LS → HS transition
temperature below room temperature and a HS→ LS transition temperature above room tempera-
ture [124]. The materials change colour depending on spin-state, and a display may be fabricated
by applying the materials to an array of Peltier heating elements. The individual Peltier elements
then become pixels that can be operated using relatively small amounts of energy [124].
While the SCO transition has been well-studied in molecular systems where only a small num-
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ber of metal centers may interact due to the separation caused by the steric bulk of the coordinating
ligands, relatively little research has been performed on systems where the separation between the
metal centers is small and the system contains a repeating, periodic structure. (Studies of LaCoO3-
based systems are a notable exception to this statement [126–128].) In ordered, crystalline systems,
long-range magnetic interactions (e.g. ferromagnetism) are possible, and may affect the energy dif-
ference between the low-spin (LS) and high-spin (HS) states, DEHL [98, 115, 129, 130]. For crys-
talline materials, generally ∆EHL kT (k is the Boltzmann constant and T is temperature), and the
SCO transition is difficult to study under easily accessible laboratory conditions [98]. However,
the spin transition may be readily manipulated at relatively moderate temperatures and pressures
for some materials (e.g., LaCoO3) where ∆EHL ∼ kT [98, 126–128].
It has been recently reported that the Cu2FeSn3-xTixS8 thiospinels exhibit an SCO transition
where DEHL ∼ kT, and the transition temperature has been reported to be ∼215 K in these mate-
rials. In this previous study, it was found that the amount of HS Fe2+ present at room temperature
initially decreased as the Ti content was increased from x = 0 to x = 1.5 [98]. Interestingly, as the
Ti content was further increased from x = 1.5 to x = 3.0, the amount of HS Fe2+ increased [98].
The increase in HS Fe2+ between x = 1.5 and x = 3.0 was thought to arise from magnetic inter-
actions between neighboring HS Fe2+ ions [98]. In the Cu2FeSn3-xTixS8 thiospinels, interactions
between next-nearest-neighbor Fe2+ ions (via S) can result in weak antiferromagnetic interactions
that increase in strength with increasing Ti content. This leads to antiferromagnetic ordering with
Ne´el temperatures of ∼2-7 K when the Ti content is greater than x = 1.5 [98]. These antifer-
romagnetic interactions appear to stabilize the HS state, reducing the amount of thermal energy
necessary to induce a LS to HS SCO transition, resulting in the increased concentration of HS
Fe2+ in Cu2FeTi3S8 versus Cu2FeSn3S8 [98].
The Cu2FeSn3-xTixS8 thiospinels present an opportunity to study the SCO transition in
crystalline materials using XANES. Because the pre-edge excitations involve the excitation of
transition-metal 1s electrons to (n-1)d states, it is expected that these features will change as the
spin-state of the transition metal varies. In addition to changes in the pre edge, changes in the main-
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edge features may also be observed. These features arise from 1s → np transitions and may be
affected by changes in structure, oxidation state, and covalency [2,28,131]. The main-edge is also
sensitive to changes in spin-state, as SCO transitions are usually accompanied by small changes in
structure [4,115,124,125,132–134]. To this end, Chapter 3 discusses if and how the spin-crossover
phenomenon may be investigated using K-edge XANES through a study of the Cu2FeSn3-xTixS8
thiospinels. Further, because thiospinels are more covalent than oxide-based spinels, this investi-
gation also allowed for a study of how changes in the covalency of the metal-ligand bonds affected
the intensities of the features found in the pre-edge regions of the metal K-edge spectra.
1.4 Rare-earth Orthoferrites
The rare-earth orthoferrites, which adopt a distorted perovskite structure, have the general formula
of REFeO3 (RE = rare-earth, Y). These oxides are an interesting set of compounds that have
been investigated for use in a variety of applications. Some of these applications include use in
solid-oxide fuel cells, gas sensors, photo-catalysis, and vehicle catalytic converters [135–141]. In
addition, the rare-earth orthoferrites have also been found to exhibit antiferromagnetism, with Ne´el
temperatures ranging from 623 K (RE = Lu) to 740 K (RE = La), making them potentially useful
for data storage applications [142, 143]. In addition to rare-earth orthoferrites, analogous systems
with transition metals other than Fe are also known, such as the rare-earth orthogallates (REGaO3)
and rare-earth orthoscandanates (REScO3) [144, 145]. Because of the large number of ions that
may be substituted into these materials, the physical and chemical properties of these materials
can be optimized for use in a given application [48]. However, because of the large number of
ways these systems can be manipulated, it is necessary to gain a better understanding of how
the electronic structure of these materials varies as the RE atom is varied in order to facilitate a
rational design framework for optimization of these compounds. XANES has been performed to
investigate how the electronic structure and bonding environment in these materials change as the
identity of the RE is varied.
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Figure 1.7: The unit cell of LaFeO3 (space group Pnma) is shown. The angle between layers of FeO6
octahedra is defined to be the octahedral tilt angle, a. The Fe–O bond lengths are 2.00 A˚ and the eight
R–O bond lengths range from 2.41 A˚ to 2.80 A˚ [64].
The rare-earth orthoferrite unit cell is described by the Pnma space group [146–152]. Here,
the RE3+ ion occupies the interstitial sites between layers of corner-sharing FeO6 octahedra (Fig-
ure 1.7). The octahedra are tilted, resulting in the distortion from the regular perovskite structure.
As the ionic radius of the rare-earth atom decreases, the tilt angle between the octahedra along the
c-axis (a) decreases [146–153]. The antiferromagnetic ordering of these oxides has been related to
the size of the tilt angle, with larger values of a leading to higher Ne´el temperatures [142,154,155].
While the A ion occupies a typically 12-coordinate site in a normal perovskite, the RE is shifted
from the centre of the interstitial space in the rare-earth orthoferrites, resulting in the formation of
two RE–O coordination shells [143, 144, 146].
Because this structure contains Fe–O–Fe angles between 90° and 180°, an intersite hybrid
feature (See Section 1.1.1.2 on page 4) is found in the pre-edge. As the tilt angle of the FeO6
octahedra in the rare-earth orthoferrites varies in a regular fashion with changes in the identity
of the RE, this system provides an excellent opportunity to study the angular dependence of the
intersite hybrid intensity in a controlled manner. To this end, the influence of a change in tilt angle
between NNN Fe atoms on the intensity of the intersite hybrid peak intensity observed in the Fe
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K-edge spectra from REFeO3 has been studied in this thesis.
1.5 Synopsis
Due to the richness of information contained in the pre-edge, it is necessary to understand how
different variables may affect the pre-edge features. Such comprehension of the various factors
that affect the pre-edge may be achieved through systematic and focused studies of materials with
known properties. This allows for the correlation of the changes in the pre-edge to changes in
the material properties, allowing for insight into the mechanisms causing the changes in the pre-
edge. These lessons may then be applied to the analyses of spectra from materials with relatively
unknown properties. The studies presented in this thesis were designed to provide such knowledge.
In Chapter 2, the effect of changes in both the oxidation state and coordination number on
the pre-edge are explored through a study of the Sr2Fe2-xMoxO6 double perovskites. While the
effects of changes in coordination number and changes in oxidation state on the pre-edge are
well known, it is difficult to analyze the changes in the pre-edge when these effects are present
simultaneously. In the Sr2Fe2-xMoxO6 compounds, both the coordination number and oxidation
state of Fe and Mo change. By evaluating the XANES spectra from these materials, the effects
of changes in coordination and changes in oxidation state were separated. Here, it was found that
when x > 0.50, the oxidation state of both Fe and Mo decreased while the oxygen deficiency of
the system increased.
The effect of changes in the covalency of the metal-ligand bond is investigated in Chapter
3 through a study of a series of Cu2FeSn3-xTixS8 thiospinels. These materials also exhibit an
SCO transition, and the effect of the SCO transition on the pre-edge was studied by collecting
temperature-dependent Fe K-edge XANES spectra. These spectra showed that the intensity of the
pre-edge is highly dependent on the covalency of the Fe–S bond, with increased covalency leading
to an increased intensity of the pre-edge features. Interestingly, no change in the pre-edge was
observed with changes in the spin-state of the Fe centres, and the reason for this is described in
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Chapter 3.
Finally, Chapter 4 will present a study devoted to understanding the relationship between the
bond angle and intensity of an ill-studied pre-edge feature known as an intersite hybrid peak.
A XANES study of a series of REFeO3 rare-earth orthoferrites is presented in this chapter. In
REFeO3, the Fe–O–Fe bond angle is known to vary linearly with the size of the RE atom, providing
a well-understood environment where only changes in the bond angle may affect the intensity of
the intersite hybrid peak. Here, experimental evidence was provided which showed, conclusively,
that the intensity of the intersite hybrid decreases as the Fe–O–Fe bond angle decreases.
Through these studies, this thesis increases the general understanding of the features in the pre-
edge and the variables that affect them. These findings will be useful to a wide variety of fields,
ranging from geochemistry to chemistry to fundamental physics.
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Chapter 2
AN INVESTIGATION OF THE Fe AND Mo OXIDATION
STATES IN Sr2Fe2-xMoxO6 (0.25 ≤ x ≤ 1.0) DOUBLE
PEROVSKITES BY X-RAY ABSORPTION
SPECTROSCOPY1
2.1 Introduction
Double perovskite compounds, having the general formula A2BB’O6 (A = Alkaline-earth, B/B’
= transition metal), are well known to exhibit a variety of interesting and technologically relevant
properties [156–159]. The basic double perovskite structure is an extension of the cubic perovskite
structure (ABO3) in which corner-sharing BO6 and B’O6 octahedra alternate, resulting in long-
range ordering (Figure 1.5 on page 22). When the size difference between the B and B’ cations is
large, the structure may become tetragonally distorted, resulting in two distinct sites for the B and
B’ ions (here, B represents the larger cation) [55,65]. This distortion results in the formation of one
of two possible crystal lattices; one described by the I4/mmm space group and one described by
the I4/m space group [52,62]. In the I4/mmm lattice, the B’ octahedra undergo compression along
the c-axis while the B octahedra are elongated along the c-axis. In the I4/m unit cell, the B and B’
octahedra undergo opposing rotations, causing the octahedra to buckle, which results in expanded
BO6 octahedra and compressed B’O6 octahedra [52, 62]. The transition from the structure to the
1A version of this paper has been published. Copyright is owned by Elsevier B.V. Reprinted with per-
mission from J.R. Hayes and A.P. Grosvenor, Journal of Alloys and Compounds, (2012) 537, 323-331. DOI:
10.1016/j.jallcom.2012.05.056
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I4/m structure is shown in Figure 1.5 on page 22. An example of a system that undergoes a transi-
tion from a cubic to a tetragonal lattice with variation in composition is the Sr2Fe2-xMoxO6 double
perovskite solid-solution. While X-ray diffraction studies have not conclusively shown whether
Sr2FeMoO6 adopts the I4/m or I4/mmm space group, the results of these distortions are similar,
and the I4/m structure is assumed in this study [52, 74, 160]. This assumption is supported by
a previous study which used group theory to suggest that I4/m symmetry must be adopted [53].
(This system is known to be oxygen-deficient, but it will be referred to here as Sr2Fe2-xMoxO6 for
simplicity [59, 73].)
Sr2FeMoO6 has been shown to exhibit a variety of interesting magnetic properties [57, 73,
82, 87]. For example, these materials are ferrimagnetic, with a Curie temperature reported to be
between 410-450 K [62]. Here, ferrimagnetism arises from a double-exchange mechanism, which
results from the ferromagnetic alignment of Fe 3d electrons and the antiferromagnetic alignment
of Mo 4d electrons [66, 87, 161]. This model assumes Fe adopts a 3+ oxidation state and Mo
adopts a 5+ oxidation state, and the theoretical maximum saturation magnetization is 4 mB, though
experimentally, the saturation magnetization has always been observed to be less [80, 162, 163].
This reduced experimental value has been linked to the amount of antisite disorder present, in
which Fe occupies a Mo site (and vice versa), leading to antiferromagnetic coupling between
adjacent Fe ions [59,70,72,164–166]. In addition to being ferrimagnetic, Sr2FeMoO6 is known to
exhibit magnetoresistive behavior, in which a decrease in the resistivity of the material is observed
upon applying a magnetic field [70,164,167]. This behavior arises from the half-metallic character
of Sr2FeMoO6, in which a spin-polarized band of Mo t2g–O 2p–Fe eg states crosses the Fermi
level [57]. The magnetoresistive behavior has also been shown to be impacted by the presence of
insulting grain-boundaries (when low magnetic fields are applied) and, because of this low-field
magnetoresistance, Sr2FeMoO6 has been investigated for use in spintronic devices [61,70,83]. To
better understand the origins of the aforementioned properties, and to better utilize these properties
in technological applications, it is necessary to know what oxidation states are adopted by Fe and
Mo in these compounds.
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While there are a wide variety of studies on the valence states of Fe and Mo, no consensus has
been reached [74, 75, 87–91, 166]. Although no definitive values have been reported, the average
oxidation state of Fe is generally found to be between 2+ and 3+ while the oxidation state of
Mo is found to be between 5+ and 6+ [75, 80, 87–91, 161]. This disagreement probably arises
from the complex nature of Sr2FeMoO6, with the material being sensitive to a wide variety of
variables. For example, Sr2FeMoO6 is not a stoichiometric compound, but rather a member of the
Sr2Fe2-xMoxO6 (0≤ x≤ 2) solid solution. As such, the system is sensitive to both the composition
and synthetic conditions employed [59,63]. Despite this, no studies have directly investigated how
the oxidation states of Fe and Mo vary in Sr2Fe2-xMoxO6 materials with changing Mo content.
X-ray absorption near-edge spectroscopy (XANES) is a technique perfectly suited for such a
study. In this study, Fe K- and Mo K-edge XANES spectra have been collected from a series of
Sr2Fe2-xMoxO6 compounds produced by the reaction of oxides under H2(g) in order to determine
how the oxidation states of Fe and Mo depend on Mo content. These experiments have also
provided information about how the oxygen deficiency (and coordination number) in these systems
change with varying Mo content. Additionally, to better understand how preparation conditions
might affect these oxidation states, Fe K- and Mo K-edge XANES spectra have been collected
from samples that were annealed under a vacuum environment and compared to those from the
originally prepared materials.
In this chapter, the effects of changes in oxidation state and coordination number on the pre-
edge will be explored. Previous XANES studies have already provided insight into how to track
changes in either the oxidation state or the coordination number when only one value is changing.
However, determining how these values change when the oxidation state and coordination number
is changing simultaneously is usually not explored. By combining the analysis of both the Fe K-
and Mo K-edge XANES spectra from the Sr2Fe2-xMoxO6 compounds, an enhanced understanding
of how both the oxidation state and coordination number change with varying Mo content has
been achieved. Providing examples of how to perform such an analysis will enhance general
interpretation of the pre-edge from other materials where simultaneous changes in the oxidation
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state and coordination number may occur.
2.2 Experimental
2.2.1 Synthesis
A series of Sr2Fe2-xMoxO6 (x = 0.25, 0.50, 0.65, 0.85, 1.0) compounds were synthesized via a
common solid-state synthesis route [59, 63, 74]. Stoichiometric amounts of SrCO3 (Alfa Aesar,
99%), MoO3 (Acro¯s Organic, > 99%), and Fe2O3 (Alfa Aesar, 99.945%) were mixed and ground
using an agate mortar and pestle. In materials with x ≥0.65, the mixture was pressed into a pellet
at 6 MPa and heated to 900 °C over 8 h under flowing 5% H2 (balance N2), held at 900 °C for 6-8
h (higher values of x required longer heating times), and cooled to room temperature over ∼4.5
h. For materials with x ≤ 0.575, it was found that pressing the precursor materials into a pellet
resulted in a phase-impure material. In these cases, the loose powder was heated in air at 1100 °C
for > 12 h to decompose SrCO3 to SrO. The powdered mixture was then heated to 900 °C over
8 h under flowing 5% H2 (balance N2), held at 900 °C for 3-4 h (higher values of x required longer
heating times), and then cooled to room temperature over ∼4.5 h. While many other studies have
reported the use of higher temperatures (1000-1200 °C) to synthesize these materials, in this study,
an acceptable level of phase purity could not be achieved using temperatures > 900 °C when heated
under 5% H2 (balance N2) [59, 63, 74]. In all cases, the gas flow was monitored using a mineral
oil bubbler and the flow was kept at 1-2 bubbles/s. The flow rate was found to strongly impact
the purity of the resultant product, as too high or too low a flow rate resulted in the formation of
phase-impure materials, with Sr2MoO4 (too high a flow rate) and SrMoO4 (too low a flow rate)
comprising the principle impurity phases. The as-synthesized materials were also annealed under
vacuum to study the impact of ordering on the oxidation states of the metal ions [16]. Aliquots
of the as-synthesized samples were loaded into alumina crucibles and sealed in fused-silica tubes
under rough vacuum and the samples were heated to 1050 °C from room temperature over ∼7 h,
held at this temperature for 12 h, and then slowly cooled to room temperature (∼5 h).
Oxygen-deficient SrFeO2.75-perovskite, Sr2Fe2O5-brownmillerite, and FeO were also synthe-
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sized to act as standards. To synthesize the SrFeO2.75 and Sr2Fe2O5 samples, stoichiometric
amounts of SrCO3 (Alfa Aesar, 99%) and Fe2O3 (Alfa Aesar, 99.945%) were mixed, pelleted
at 6 MPa, and heated in air at 1100 °C for 24 h. To control the O-stoichiometry, the samples
were then reground, and subjected to separate heat treatments. The SrFeO2.75 sample was heated
at 1200 °C for 48 h, cooled to 600 °C, and held at this temperature for 24 h before being slowly
cooled to room temperature. The Sr2Fe2O5 sample was heated at 1200 °C for 48 h and quench-
cooled in liquid nitrogen [25]. FeO was synthesized by mixing stoichiometric amounts of Fe metal
powder (Alfa Aesar 99.5%) and Fe2O3 (Alfa Aesar, 99.945%) and pressing the resultant powder
into a pellet at 6 MPa. The pellet was then heated at 900 °C for 12 h under flowing N2(g) [168,169].
Phase purity of all materials synthesized was determined using powder X-ray diffraction (XRD).
Diffraction patterns were collected using a PANalytical Empyrean X-ray diffractometer equipped
with a monochromatic Cu Ka1 (l = 1.5406 A˚) X-ray source. Lattice parameters were determined
using the UnitCell software program by assuming a double perovskite cubic unit cell for all values
of x in the chemical formula [170].
2.2.2 XANES
Fe K-edge and Mo K-edge spectra of the as-synthesized and annealed Sr2Fe2-xMoxO6 samples
were collected using the Pacific Northwest Consortium/X-ray Science Division Collaborative Ac-
cess Team (PNC/XSD-CAT, Sector 20) bending magnet beamline (20BM) located at the Advanced
Photon Source (APS), Argonne National Laboratory. A silicon (111) double crystal monochroma-
tor with harmonic rejection was used, which at 7000 eV has a resolution of 1 eV and a photon flux
of ∼1011 photons/second [171]. Samples were finely ground and sandwiched between layers of
Kapton tape and the number of layers of tape was varied to maximize absorption. Samples were
mounted at a ∼45° angle to the incident beam with transmission spectra being collected using N2-
filled ionization chambers while partial fluorescence yield spectra were collected using a Canberra
13-element Ge detector. The spectra were collected using an energy step of either 0.15 eV (Fe
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K-edge) or 0.30 eV (Mo K-edge) through the edge energy. The Fe K-edge spectra were collected
from 200 eV below the edge (7112 eV) to k = 15, which is 857.2 eV above the edge. The Mo
K-edge spectra were collected from 200 eV below the edge (20000 eV) to k = 13 (643.9 eV above
the edge). The Fe K-edge spectra were calibrated using either an Fe reference foil (having a known
Fe K-edge absorption-edge energy of 7112 eV), while the Mo K-edge spectra were calibrated us-
ing a Mo reference foil (having a known Mo K-edge absorption energy of 20000 eV) [9]. The
spectra from the reference foils were collected concurrently in transmission mode with the spectra
from each oxide studied. All spectra collected were calibrated, normalized, and analyzed using
the Athena software program [172]. The Fe K-edge spectra were normalized using a pre-edge
range of -32 eV → -20 eV and a post-edge region ranging between 47 eV →614 eV (relative to
the absorption-edge energy, Eo). The Mo K-edge spectra were normalized using a pre-edge range
of -66 eV →-35 eV and a post-edge region ranging between 130 eV →580 eV. As Sr2FeMoO6
materials have been shown to degrade into SrMoO4 and other products over time, to eliminate the
possibility of sample age significantly affecting the collected spectra, all spectra were collected
within one month of sample preparation [173].
2.3 Results
2.3.1 Structure
To confirm phase purity, and to study how the structure of the Sr2Fe2-xMoxO6 compounds change
with varying Mo content, powder XRD patterns of the as-synthesized materials have been collected
and are presented in Figure 2.1. With the exception of Sr2FeMoO6, single phase Sr2Fe2-xMoxO6
compounds were prepared. In the case of Sr2FeMoO6, an 85-90% phase-pure material was syn-
thesized, with small amounts (< 6% each) of SrMoO3, Sr2MoO4, and intermetallic Fe1-xMox
impurities being detected. (The exact composition of the intermetallic phase is not known [73].)
The (101) reflection (denoted by an asterisk in Figure 2.1), which corresponds to ordering of the
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Figure 2.1: Powder XRD patterns from as-synthesized Sr2Fe2-xMoxO6 materials. Sr2FeMoO6 (x = 1.0)
showed the following impurities: 1) SrMoO3; 2) Fe1-xMox intermetallic; and 3) Sr2MoO4. In ad-
dition, superstructural peaks from the tetragonal structure (denoted by asterisks) are observed in the
Sr2FeMoO6 sample. All reflections were observed to shift to lower 2θ angles with increasing x. The
broad feature found at∼18° in the patterns with x < 1.0 are from mineral oil, which was used to mount
these samples.
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Figure 2.2: The normalized powder XRD patterns from the as-synthesized (grey) Sr2FeMoO6 material
and after being annealed (black) are compared. Here, the patterns are offset along the y-axis for clarity.
After annealing, the reflections at 30.6° and 44.7°, which are associated with impurity phases, were no
longer observed. The (101) reflection (marked by an asterisk), is shown in the inset. The intensity of
this reflection is greatly increased upon annealing in vacuum, indicating that a more ordered structure
is present.
Fe and Mo sites was only observed in the Sr2FeMoO6 compound, indicating a high degree of dis-
order in the other compounds synthesized [76]. It has been previously shown that the intensity
ratio of the (101) reflection to the sum of the (200) and (112) reflections may be used as a measure
of the amount of antisite disorder experienced by the Fe/Mo sites, with high values corresponding
to less antisite-disorder [76]. For the as-synthesized x = 1.0 sample, the (101):((200)+(112)) ratio
is 0.024, indicating that there is high degree of antisite disorder in this material. (In the systems
with x 6= 1.0, the ratio is zero, indicating that the amount of ordering of the transition metal sites
in these systems is too low to be determined). Compared to previous studies, where the reaction
temperature was higher (1200 °C), this ratio was ∼0.046, which suggests that the lower reaction
temperature used in this study is not sufficient to achieve high levels of site ordering [74, 76].
Upon annealing under vacuum, the XRD pattern (Figure 2.2) shows that the ordering of
Sr2FeMoO6 (x = 1.0) increases considerably compared to the as-synthesized version. The pow-
der XRD patterns from the as-synthesized and vacuum annealed Sr2FeMoO6 samples (Figure 2.2)
show that in the as-synthesized materials the (101):((200)+(112)) ratio is 0.024 while in the vac-
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uum annealed sample, the ratio is 0.033. This observation implies that the material becomes more
ordered upon annealing (i.e., the amount of antisite disorder is reduced) [76]. Additionally, the
phase-purity of Sr2FeMoO6 increased dramatically with vacuum annealing, which was observed
by the complete disappearance of peaks from the Sr2MoO4 and Fe1-xMox phases in the powder
XRD pattern (Figure 2.3). In the other annealed Sr2Fe2-xMoxO6 compounds (x < 1.0), no super-
structural reflections were observed in the corresponding powder XRD pattern; however, the other
reflections were observed to narrow considerably (not shown).
The XRD patterns collected in this study were also used to calculate the lattice parameters of
the Sr2Fe2-xMoxO6 materials. The a lattice parameter was calculated assuming a cubic unit cell.
The lattice constants are plotted as a function of Mo content in 2.3a, and show a sudden increase
when x ≥ 0.65. For all values of x ≥ 0.65, the unit cell is observed to only increase slightly.
This shift is also clearly observed in the powder XRD patterns (cf. Figure 2.3b). The sudden and
relatively large change in the lattice constant between Sr2Fe1.50Mo0.50O6 and Sr2Fe1.65Mo0.35O6
is indicative of a large change in the crystal lattice. In other structural studies of Sr2Fe2-xMoxO6,
this change has been shown to coincide with a transformation from a cubic to a tetragonal crystal
structure. These studies performed Reitveld refinements on powder XRD data, and found the
quality of the fit determined using a tetragonal model was higher than that determined using a
cubic model when x≥ 0.7 [62,63,160]. In this study, upon annealing under vacuum, no significant
changes in the lattice parameter were observed between the as-synthesized and annealed samples
of a given composition.
2.3.2 Fe K-edge XANES of the As-Synthesized Materials
Fe K-edge XANES spectra, which are presented in Figure 2.4 , were collected to determine the ox-
idation state of Fe in the Sr2Fe2-xMoxO6 materials and to investigate the oxygen stoichiometry in
these systems. Spectra from a series of standard compounds having known Fe oxidation states and
coordination environments were also collected to aid in the interpretation of the Sr2Fe2-xMoxO6
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Figure 2.3: (a) The lattice parameters calculated using a cubic unit cell for the Sr2Fe2-xMoxO6 system
as a function of Mo content (x). Between x = 0.50 and x = 0.65, a large increase is observed. The dashed
line is included as a guide to the eye and the size of the symbols is representative of the uncertainty of
the measurement. (b) The 2θ angle of the (220) reflection (indexing assumes a cubic structure) was
found to shift to lower 2θ values as x increases, reaching the lowest value when x = 0.65. The large
change in 2θ between x = 0.50 and x = 0.65 is reflective of the significant variation in the lattice shape.
43
Figure 2.4: (a) Fe K-edge spectra from the as-synthesized Sr2Fe2-xMoxO6 materials. Features A and
A’ make up the pre-edge region and consist of transitions to Fe 3d states while features B and C are at-
tributed to main-edge excitations resulting from Fe 1s→Fe 4p excitations. As the Mo content increases,
features A and B increase in intensity and the absorption edge energy shifts to lower energy, indicating
that the average Fe oxidation state is reduced (changes are shown by arrows). (b) The pre-edge region
of the Fe K-edge spectra. As the Mo content is increased, feature A significantly increases in intensity.
The intensity of feature A’ is linked to the O deficiency of the materials and initially decreases as x is
increased from x = 0.25 to x = 0.50. As x is increased to values greater than 0.50, the intensity of feature
A is observed to increase.
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Figure 2.5: (a) Fe K-edge spectra from a series of standards is presented along with the Fe K-edge
spectrum from the as-synthesized Sr2FeMoO6 sample. (The spectra of FePO4 and FePO4·xH2O are
from [28].) (b) The pre-edge region of the Fe K-edge spectra. Comparison of the spectra from
Sr2FeMoO6 and FeO indicates that feature A is linked to the presence of Fe2+ while the link between
the oxygen deficiency and the intensity of feature A’ is corroborated by comparison of the spectra from
SrFeO2.75 (CN < 6) and Sr2Fe2O5 (average CN = 5).
spectra, and are presented in Figure 2.5 . As is observed in Figure 2.4a, there are four distinct fea-
tures in the spectra from Sr2Fe2-xMoxO6, which have been labeled as A, A’, B, and C. Features A
and A’ make up the pre-edge region (see Figure 2.4b), and are assigned to forbidden, quadrupolar,
1s→ Fe 3d excitations [14]. By comparison with the Fe K-edge spectrum from FeO (Figure 2.5),
feature A is assigned to Fe2+ 1s→ Fe 3d excitations, while comparison to the Fe K-edge spectra
from SrFeO2.75 and Sr2Fe2O5 indicates that feature A’ is attributable to Fe3+ 1s→ Fe 3d excita-
tions. In Sr2Fe1.75Mo0.25O6, only feature A’ is observed, implying that only Fe3+ is observed in
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this compound. As the Mo content is increased to x = 0.50, feature A’ decreases in intensity and
no other features are observed. As the coordination number (CN) of the Fe centre decreases, and
the local inversion symmetry is lost, 4p states overlap the 3d states, which adds a dipolar character
to the pre-edge excitation. This increased dipolar character results in the observation of a more
intense pre-edge peak (cf. spectra from FePO4· xH2O (CNFe= 6) and SrFeO2.75 (CNFe < 6) in
Figure 2.5) [16, 25]. Here, it is noted that the increase in dipolar character is a result of changes in
the local coordination structure only, and is not caused by distortions of the crystal lattice symme-
try. Comparing the spectra presented in Figure 2.4 to those in Figure 2.5 leads to the conclusion
that the decrease in intensity of feature A’ observed in Figure 2.4b as the Mo concentration is in-
creased from x = 0.25 to x = 0.65 is a result of the system becoming less O deficient (i.e., the Fe
CN increases). As the Mo content is further increased to x ≥ 0.65, the intensity of feature A’ in-
creases, as does the intensity of feature A, which implies that some Fe2+ is present. While feature
A may contribute some intensity to feature A’ as the two features are not fully resolved, the fact
that the intensities of both features increase simultaneously as x changes from 0.50 to 1.0 indicates
that Sr2Fe2-xMoxO6 becomes more O deficient as x increases from 0.65 to 1, as an increase in
the concentration of Fe2+ would decrease the number of unoccupied Fe 3d states. Examination of
Figure 2.4b also indicates that the concentration of Fe2+ increases significantly as x is increased
when x ≥ 0.65.
To confirm the analysis of the changes in the pre-edge region, the main-edge can also be inves-
tigated. Features B and C comprise the main-edge, and arise from dipolar 1s→ Fe 4p excitations.
By comparing the Sr2Fe2-xMoxO6 spectra (Figure 2.4) to the spectrum from FeO (Figure 2.5), it
is clear that feature B arises from the excitation of Fe2+ metal centres. As was the case for fea-
ture A in the pre-edge region, almost no change in intensity of feature B was observed as x was
varied from 0.25 to 0.50; however, the intensity of feature B was found to vary significantly with
increasing Mo content when x ≥ 0.65. The presence of Fe2+ in these materials with varying x is
further supported by the observed shifts in the main-edge energy of these spectra, which is defined
as the inflection point of the main-edge (determined from the derivative spectrum by finding the
46
peak maximum of the feature corresponding to the main-edge). The decrease in absorption energy
with greater substitution of Fe for Mo (DE ≈ 1.5 eV), is ascribed to the presence of lower-energy
valence Fe 4p-O 2p states, caused by increased ground-state screening of the Fe nuclear charge
which results from a reduction of Fe3+ to Fe2+ [28].
The intensity of feature C initially increases between Sr2Fe1.75Mo0.25O6 and
Sr2Fe1.50Mo0.50O6, but then remains relatively constant as the Mo content is further in-
creased. This increase in intensity is likely linked to the O deficiency of the system. Given that
there must be a fixed number of Fe 4p states, as the Fe 4p character of the pre-edge peak is reduced
with increasing CN (i.e., decreased O deficiency; cf. Feature A’ in Figure 2.4b), the remaining
Fe 4p states interact with the O 2p states (feature C), resulting in the observation of the increase
in intensity of feature C in Figure 2.4. Multiscattering resonances (MSR), which are part of the
extended X-ray absorption fine structure (EXAFS), may also contribute to the intensity of feature
C. The changes in the Fe K-edge XANES spectra as Mo content is increased may be summarized
as follows:
1. For values of x≤0.50, Fe predominantly adopts a 3+ oxidation state
2. For x >0.50, the average oxidation state of Fe decreases with increasing Mo content
3. The O deficiency of the structure decreases as Mo content increases when x≤0.50, but in-
creases with increasing Mo content when x >0.50
4. For no composition studied here was a fully oxygen stoichiometric compound synthesized.
2.3.3 Mo K-edge XANES of the As-Synthesized Materials
Mo K-edge spectra from the Sr2Fe2-xMoxO6 compounds were collected to better understand how
the Mo oxidation state changes with substitution, and are presented in Figure 2.6a . In addition, to
interpret changes in these Mo K-edge spectra, XANES spectra from several reference compounds
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Figure 2.6: (a) Mo K-edge spectra from the as-synthesized Sr2Fe2-xMoxO6 materials. As the Mo
content (x) increases, feature D increases in intensity, indicating a decrease in the Mo CN. Arrows are
included to show how features change as x increases. (b) The Mo K-edge spectra from a series of
standards, as well as the as-synthesized Sr2FeMoO6 sample, are plotted. (Mo adopts a 4+ oxidation
state in MoO2 and a 6+ oxidation state in MoO3 and SrMoO4.) (c) The derivative plot of the K-edge
spectra from the Sr2Fe2-xMoxO6 samples as well as the MoO2 and MoO3 standards is shown. For
clarity, the MoO2 derivative spectrum has been smoothed and the lines represent the peak energies of
MoO2 and MoO3.
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were collected, and are presented in Figure 2.6b. Two prominent features are observed in these
spectra, and are labeled as D and E.
Feature D in Figure 2.6 arises from forbidden transitions to Mo 4d states (much like in the Fe
K edge), and the intensity of this feature appears to be related to the Mo content in Sr2Fe2-xMoxO6
[26, 174–176]. When x = 0.25 in Sr2Fe2-xMoxO6, this feature is muted, while for higher values of
x, the intensity of feature D increases. In all cases, the intensity of feature D is far less than that ob-
served in the spectra from SrMoO4 and MoO3, in which Mo occupies a tetrahedral site or a highly
distorted octahedral site, respectively (Figure 2.6b). (In SrMoO4, the highly distorted octahedra
result in significant overlap between the Mo 4d and 5p states [177–179].) In the Sr2Fe2-xMoxO6
compounds, the increase in the intensity of feature D with increasing Mo content suggests that,
overall, the Mo coordination decreases with greater Mo content. However, this interpretation is
tentative as it is difficult to separate changes in the intensity of feature D from shifts of the main
absorption edge energy, given the poor energy resolution of Mo K-edge spectra (∼4.5 eV when
core-hole lifetime effects are considered) [26].
Feature E is attributed to the main-edge excitation, which arises from Mo 1s → Mo 5p exci-
tations [26]. The main-edge energy is sensitive to changes in oxidation state and can be used to
elucidate how the oxidation state of Mo in the Sr2Fe2-xMoxO6 compounds changes with varying
stoichiometry. Figure 2.6c shows the derivative spectra from the Sr2Fe2-xMoxO6 compounds along
with that from the MoO2 and SrMoO4 reference compounds. When the Mo content is low (x =
0.25), the derivative maximum is at the same energy as that from the SrMoO4spectrum, indicating
that Mo adopts an average oxidation state of 6+ in this material. As the Mo content increases in
Sr2Fe2-xMoxO6 to x = 0.50, the peak maximum of the derivative spectrum is observed to shift to
lower energy, indicating a reduction in the Mo oxidation state (Figure 2.6c). When the Mo content
is further increased (x = 0.65), the derivative peak again shifts to lower energy, though it is still
slightly higher than that of MoO2 (Mo4+). This observation suggests that Mo largely adopts a 5+
oxidation state when x ≥ 0.65, though given the width of the MoO2 derivative peak, it is possible
that a minor quantity of Mo4+ is also present. (The width of the derivative peaks also shows that
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a small amount of Mo6+ is likely present also when x > 0.25). Interestingly, as the Mo content is
increased beyond x = 0.65, no further shifts in energy are observed.
2.3.4 Vacuum Annealing
To understand how ordering of the Mo and Fe ions in Sr2Fe2-xMoxO6 might impact the oxida-
tion state and electronic environment of the metal centers, the as-synthesized compounds were
annealed in an evacuated ampule and investigated by XANES. The Fe K- and Mo K-edge XANES
spectra from these annealed compounds are compared to the corresponding spectra from the as-
synthesized samples in Figure 2.7and Figure 2.8, respectively. Large changes in the Fe K-edge
spectra were observed between the as-synthesized and annealed Sr2Fe2-xMoxO6 compounds when
x ≥ 0.65 (Figure 2.7); however, no change was observed in the spectra from Sr2Fe1.75Mo0.25O6
and Sr2Fe1.50Mo0.50O6. For compounds where x ≥ 0.65, features A, A’ and B decreased in in-
tensity while the intensity of feature C was found to increase. These changes are consistent with
the oxidation of Fe2+ in the Sr2Fe2-xMoxO6 materials and an increase in the Fe CN. The source
of oxygen is attributed to residual O2(g) left in the evacuated ampule. In previous studies on the
synthesis of SrMoO3, a compound that is highly related to the Sr2Fe2-xMoxO6 compounds studied
here, it was shown that oxygen partial pressures as low as 10-14 Torr could lead to the oxidation
of SrMoO3 [179–181]. As the ampules containing the annealed samples were only sealed under
rough vacuum, the partial pressure of O2(g) present was much higher than 10-14 Torr. Oxidation of
the Fe centres leads to an increase in the Fe CN, which was observed as a decrease in the intensity
feature A’ owing to a decrease in mixing of the Fe 3d and 4p states. The decrease in intensity of
feature A is also explained by the oxidation of Fe2+ to Fe3+. Further, feature B (section 2.3.2) was
also observed to decrease in intensity, compared to the as-synthesized compounds because of the
oxidation of Fe2+ to Fe3+. The increase in intensity of feature C was a result of the greater number
of Fe 4p-O 2p states available for 1s electrons to be excited to, which is indicative of increased Fe
CN. Interestingly, the magnitude of the changes observed upon annealing increased with greater
Mo content. The reason for this observation is simple: at higher Mo concentrations, the amount of
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Figure 2.7: The Fe K-edge spectra from several of the vacuum annealed Sr2Fe2-xMoxO6 samples are
presented along with the corresponding as-synthesized materials (spectra are offset for clarity). No
change in the spectra were observed upon annealing when the Mo content is low (x ≤ 0.50). When x
> 0.50, the intensities of features A’ and B in the spectra from the vacuum annealed samples decrease
compared to the as-synthesized samples while the intensity of feature C increases, indicating that the
materials have been oxidized and that the Fe CN increases.
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Figure 2.8: The Mo K-edge spectra from several of the vacuum annealed Sr2Fe2-xMoxO6 spectra are
presented along with the corresponding as-synthesized materials (spectra are offset for clarity). Little
to no change in the spectra was observed for all values of x.
Fe2+ present which can be oxidized is greater.
The Mo K-edge spectra of the annealed and synthesized samples (shown in Figure 2.8) reveal
that little to no change upon annealing. This observation does not indicate that no changes occur at
the Mo sites. Instead, this result likely indicates that the magnitude of the changes is not detectable
within the limits of the resolution of the Mo K-edge XANES spectra reported here.
2.4 Discussion
In this study, a series of Sr2Fe2-xMoxO6 double perovskites have been synthesized and studied by
XANES to better understand the relationship between the concentration of Mo and the oxidation
states of Fe and Mo, and the level of O deficiency in these materials. In Sr2Fe1.75Mo0.25O6, the
Fe K-edge XANES spectrum (Figure 2.4) indicates that Fe adopts a 3+ oxidation state while the
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Mo K-edge XANES spectrum (Figure 2.6a) indicates that Mo adopts a 6+ oxidation state. Given
the similarity of the effective ionic radii of Fe3+ and Mo6+ (0.645 A˚ and 0.59 A˚, respectively),
a near-random distribution of Mo6+ and Fe3+ would lead to an entropy stabilized system, which
could be thought of as a solid-solution derivative of the cubic SrFeO3-d perovskite structure (here
δ indicates an unknown, but small amount of O deficiency) [52, 55, 153]. This suggestion is
confirmed in this study by the lack of observation of the (101) reflection in the corresponding
powder XRD patterns (Figure 2.2). (While SrFeO3-d is reported to have a mix of Fe3+ and Fe4+
when d is small, given the reducing conditions used to synthesize the Sr2Fe2-xMoxO6 materials
analyzed in this study, the formation of Fe4+ is not likely). In the case of Sr2Fe1.75Mo0.25O6,
an oxygen deficient structure is required to achieve charge balance, as the maximum number of
O atoms possible per formula unit is 5.4, assuming only Fe3+ and Mo6+ are present. Oxygen
deficiency in this compound was confirmed in this study by the intense pre-edge feature in the
Fe K-edge spectrum (Figure 2.4). As the Mo content is increased to Sr2Fe1.50Mo0.50O6, the level
of O deficiency is reduced, consistent with the replacement of Fe3+ by Mo6+ (as this leads to an
overall increase of the average cationic charge). The increase in O content also explains the small
increase of the lattice parameter (Figure 2.3a) and the decrease in the pre-edge intensity in the
corresponding Fe K-edge spectrum (Figure 2.4b) as addition of large O2- anions would expand the
unit cell and increase the number of octahedrally coordinated Fe centres.
As the Mo concentration was further increased to x = 0.65 (Sr2Fe1.35Mo0.65O6), the lattice
parameter was calculated to be significantly larger than that of Sr2Fe1.50Mo0.50O6 (Figure 2.3),
and a large increase in the amount of Fe2+ and Mo5+ was observed in these materials, as shown
by the changes in the Fe K-edge (Figure 2.4; Section 2.3.2) and Mo K-edge spectra (Figure 2.5a;
Section 2.3.3). Here, it is proposed that between x = 0.50 and x = 0.65, a critical concentration
of Mo is reached which allows for a reduction of both Fe and Mo without creating a destabilizing
amount of O vacancies, as the oxidation state of Mo is always greater than that of Fe. The large
shift in the lattice parameter (Figure 2.3) is attributed to a change in the unit cell shape from a
cubic (Fm3m) structure to a tetragonal (I4/m) structure (Figure 1.5 on page 22) [62, 63]. As Fe3+
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is reduced to Fe2+, there is a dramatic increase in the effective ionic radius (rFe2+ = 0.780 A˚ vs.
rFe3+ = 0.645 A˚) while there is only a minor difference between the effective ionic radii of Mo
6+
and Mo5+ (rMo5+ = 0.61 A˚ vs. rMo6+ = 0.59 A˚) [153]. Thus, the tetragonal distortion of the lattice
is the result of the steric distortions necessary to incorporate a significant amount of Fe2+, which
occupies the larger octahedral sites in this structure [62, 160].
To determine how the ordering and O deficiency of the Sr2Fe2-xMoxO6 materials is impacted
by further heating, the as-synthesized materials were annealed in a vacuum environment. Through
examination of the Fe K-edge XANES spectra, oxidation of the Fe cations was observed to occur
upon annealing the as-synthesized materials under vacuum. While oxidation of the Fe site results
in a decrease of the average Fe radius and would be expected to decrease ordering based on the
discussion above, analysis of the powder XRD patterns showed that the ordering of the Fe and Mo
sites increased in Sr2FeMoO6 (Figure 2.3;section 2.3.1). This may be explained by the increased
temperature used to anneal these samples (the samples were reduced at 900 °C (as synthesized) and
annealed at 1050 °C), which apparently leads to increased ordering. Thus, these results serve to
further confirm the dependence of the degree of ordering in Sr2Fe2-xMoxO6 materials on temper-
ature, as has been found in previous studies [74, 83]. These results also suggest that the oxidation
state of Fe found in Mo-rich Sr2Fe2-xMoxO6 materials (those with x ≥ 0.65) is highly sensitive
to the atmosphere in which the materials are synthesized, consistent with studies of the related
SrMoO3 perovskite phase [180, 181].
2.5 Conclusions
A series of Sr2Fe2-xMoxO6 compounds were synthesized and studied by powder XRD and XANES
to determine how the oxidation state of Fe and Mo depends on the Mo concentration. The powder
X-ray diffraction patterns indicated that a large variation in the lattice parameter of these com-
pounds occurred between the compounds with x ≤ 0.50 and x ≥ 0.65. This is in agreement with
previous studies in which a transition from a cubic to tetragonal unit cell was reported [62,63,160].
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Accompanying this change in structure is a partial reduction of the Fe oxidation state from Fe3+ to
a mixture of Fe2+ and Fe3+ and a partial reduction of the Mo6+ oxidation state to a mixture of Mo5+
and Mo6+ (minor amounts of Mo4+ may also be present). Here, changes in the oxidation states of
Fe and Mo have been spectroscopically shown to occur with changing Mo-content. Further, the
results in this study indicate that the change in oxidation state of Fe from Fe3+ to Fe2+/3+ is the
driving factor in the transformation of the cubic lattice to a tetragonal lattice, and that the reduc-
tion of Fe is possible only after a critical concentration of Mo has been reached. The Fe K-edge
XANES spectra also indicated that a significant amount of O vacancies exist in all of the materials
studied. Upon annealing under a vacuum environment, Fe2+/3+ was oxidized to Fe3+ and the oxy-
gen deficiency of these systems was significantly reduced. While O vacancies are already known
to occur in these systems, using XANES, this study has shown that the amount of O deficiency is
dependent on the amount of O2(g) present in the atmosphere in which these materials are reacted.
The results reported here show that the composition strongly impacts the oxidation states of Fe and
Mo in Sr2Fe2-xMoxO6 materials, which are linked to structural changes within this system, and the
dependence on both composition and preparation method likely accounts for the wide range of
oxidation states and magnetic properties that have been reported previously.
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Chapter 3
AN INVESTIGATION OF THE ELECTRONIC STRUCTURE
OF Cu2FeSn3-xTixS8 (0 ≤ x ≤ 3) THIOSPINEL
SPIN-CROSSOVER MATERIALS USING X-RAY
ABSORPTION SPECTROSCOPY1
3.1 Introduction
The spin-crossover (SCO) transition is a magnetic phenomenon in which a transition-metal under-
goes a transition from a low-spin state (LS; e.g., t2g6eg*0 for a d6 center) to a high-spin state (HS;
e.g., t2g4eg*2) [113–115]. The SCO systems have been the subject of a large number of studies
and the SCO transition has been found to be induced by a wide variety of perturbations including
irradiation with UV light, changes in pressure, changes in atmosphere, and changes in tempera-
ture [118–122]. In addition to the intrinsic value of studying this interesting process, transition-
metal complexes exhibiting a SCO transition have been widely studied due to their potential use
in a variety of applications, including: sensors, molecular switches, displays, and memory storage
devices [123, 124].
It has recently been reported that the Cu2FeSn3-xTixS8 thiospinels contain an easily accessible
SCO transition (from LS to HS with increasing temperature) with a transition temperature of∼215
K [98]. (A full discussion of the SCO phenomenon is found in Section 1.3 on page 25.) Single
1A version of this paper has been published. Copyright is owned by Elsevier B.V. Reprinted with permission from
J.R. Hayes and A.P. Grosvenor, Journal of Solid State Chemistry, (2012) Accepted. DOI: 10.1016/j.jssc.2012.08.057.
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crystal studies of the Cu2FeSn3S8 end-member (rhodostannite) have shown that the unit cell is dis-
torted from the cubic spinel structure, and is best described as a tetragonal crystal lattice [108,182].
However, this distortion is small, and the Cu2FeSn3-xTixS8 materials can generally be considered
to adopt the cubic spinel structure, as shown in Figure 1.6 [92, 108–110, 183]. Here, Cu occupies
a tetrahedral structure while the Fe, Sn, and Ti are randomly distributed in an octahedral site (see
Section 1.3 on page 25). In this structure, only the Fe2+ metal center may contain unpaired elec-
trons, and it can alternate between a diamagnetic LS electron configuration and a magnetic HS
electron configuration.
The Cu2FeSn3-xTixS8 thiospinels appear to present an excellent opportunity to study the SCO
transition in crystalline materials using XANES. While XANES has been employed to study the
SCO transitions in oxide-based materials, no temperature-dependent XANES study of the SCO
transition in chalcogenide-based materials is known [4, 127, 128]. To this end, Fe K-edge XANES
spectra were collected from a series of Cu2FeSn3-xTixS8 thiospinels at different temperatures and
are reported here. Surprisingly, no changes in the Fe K-edge pre-edge region were observed as
the temperature was varied, though large changes in the main-edge region were observed. Ti K-
and S K-edge XANES spectra have also been collected and interpreted with the aid of electronic
structure calculations to better understand these changes, and how the electronic structure of the
thiospinels system changes with varying Ti content. The results reported in this study suggest
that the use of Fe K-edge XANES is not appropriate to quantitatively study the SCO transition in
these chalcogenide-based materials; however, significant changes in the electronic structure and
covalency of Cu2FeSn3-xTixS8 as Ti is substituted for Sn were observed as Ti is substituted for Sn,
and these changes will be the focus of this chapter.
In Chapter 2, the effects of simultaneous changes in coordination number and oxidation state
on the pre-edge were investigated. In this chapter, the effects of changes in d-state occupancy,
caused by an SCO transition, will be investigated. Further, this chapter will explore the relationship
between the degree of covalency in the M–S bonds and the intensity of the pre-edge. In this regard,
it was found that changes in the crystal structure can have marked effects on the electronic structure,
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especially in highly covalent systems such as the Cu2FeSn3-xTixS8 system studied here.
3.2 Experimental
3.2.1 Synthesis
A series of Cu2FeSn3-xTixS8 (x = 0, 1, 1.5, 2, 3) thiospinels were synthesized from elemental
precursors via a standard solid-state reaction route [98, 108, 109]. Stoichiometric amounts of Cu
(Alfa Aesar, 99.5%), Fe (Alfa Aesar, 99.9%), Sn (Alfa Aesar, 99.85%), Ti (Alfa Aesar, 99%), and
S (Alfa Aesar, 99.5%) were mixed and sealed in evacuated fused-silica ampules. The ampules
were heated at 573 K for 1 day after which the temperature was elevated to 1023 K. The samples
were held at this temperature for 6 days and then quench cooled in air. (Other cooling methods,
like slow cooling and quench cooling in ice water were tried, but air quenching resulted in the
highest purity materials.) The ampules containing the thiospinels were opened and ground in air,
and the black powders were stored in a N2-filled glovebox. The chemical formulas presented in
this study are based on the stoichiometry of the elements used during the reaction.
A series of standards were either synthesized or purchased to aid in the interpretation of the
XANES spectra from Cu2FeSn3-xTixS8. Cu2FeSnS4 was synthesized using conditions identical to
those described above [95]. TiS2 and FeS were synthesized by mixing stoichiometric amounts of
the elements, sealing them in evacuated fused-silica ampules, and heating them at 1223 K for 15
days before cooling them to room temperature over 4 h. The ampules were opened and ground
in air, and the powders were stored in a N2-filled glovebox. A natural pyrite (FeS2) sample was
purchased from Alfa Aesar.
The phase purity of all of the materials studied was checked by powder X-ray diffraction (XRD)
using a PANalytical Empyrean X-ray diffractometer equipped with a Co Ka1,2 X-ray source. The
powder XRD patterns (Figure 3.1) showed that phase pure Cu2FeSn3-xTixS8 materials (or near-
phase pure materials;≥ 93%) were successfully synthesized [99,110,184–186]. Small amounts of
a Cu2FeSnS4 impurity were present in the Cu2FeSn2TiS8, Cu2FeSn1.5Ti1.5S8, and Cu2FeSnTi2S8
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Figure 3.1: Powder XRD patterns from the Cu2FeSn3-xTixS8 samples are shown. As Sn is replaced by
Ti, the size of the unit cell shrinks, as indicated by the shift of the diffraction peaks to higher angle. A
Cu2FeSnS4 impurity phase was observed in some of the Cu2FeSn3-xTixS8 samples, as indicated by the
peaks with an *.
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samples, but in concentrations too low to significantly impact the XANES spectra.
3.2.2 XANES Measurements
Room-temperature Fe K-edge XANES spectra were collected using the Hard X-ray Micro Anal-
ysis (HXMA, 06ID-1) beamline at the Canadian Light Source (CLS). The flux is ∼6 x 1011 pho-
tons/s, and the maximum achievable resolution is better than 1 eV at photon energies below 10
keV using a Si (111) monochromator. Samples were finely ground and mounted on Kapton tape,
which was then folded multiple times. Spectra were collected using a 0.15 eV step through the ab-
sorption edge. Samples were mounted at a∼45° angle to the incident beam allowing simultaneous
collection of both transmission and partial fluorescence yield-mode spectra. Transmission data was
collected using ionization chambers filled with N2(g) and fluorescence data was collected using a
32-element Canberra Ge detector. Spectra were calibrated using the Fe K-edge spectra from an Fe
metal reference foil collected in-line with the sample, which has a known absorption-edge energy
of 7112 eV [9].
Room temperature Ti K-edge XANES spectra, and temperature dependent Fe K-edge XANES
spectra, were collected using the Pacific Northwest Consortium/X-ray Science Division Collab-
orative Access Team (PNC/XSD-CAT, Sector 20) bending magnet beamline (20BM) located at
the Advanced Photon Source (APS), Argonne National Laboratory. A silicon (111) double crystal
monochromator with harmonic rejection was used, which at 7000 eV provides a resolution of 1 eV
and a photon flux of ∼1011 photons/s [171]. Samples were finely ground and mounted on Kapton
tape, which was then folded multiple times. The samples were mounted in a cryostat which had Be
windows and was equipped with a CTI-Cryogenics model 8200 compressor that recirculated He(g)
to a CTI-Cryogenics model 22 refrigerator when collecting the Fe K-edge spectra. The sample
temperature was controlled by a Neocera LTC-11 temperature controller and spectra were col-
lected at 50 K, 100 K, 200 K, and 290 K. The samples were mounted on an acrylic sample holder
in air when collecting Ti K-edge spectra at room temperature. Samples were mounted at a ∼45°
angle to the incident beam allowing for simultaneous measurement of transmission and partial flu-
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orescence yield data. The initial beam intensity was measured using an ionization chamber filled
with a 5:1 He:N2 gas mixture, and transmission spectra were measured using ionization chambers
filled with N2(g). The Fe K-edge partial fluorescence spectra were collected using a 13-element
Canberra Ge detector, and the Ti K-edge partial fluorescence spectra were collected using a single-
element Vortex Ge detector. Spectra were collected using a 0.15 eV step through the absorption
edge in all cases. The Fe K-edge spectra were collected from 150 eV below the edge (7112 eV)
to k = 12, which is 548.6 eV above the edge. The Ti K-edge spectra were collected from 200 eV
below the edge (4966 eV) to k = 12. The Fe K-edge spectra were calibrated using an Fe metal
reference foil, having a known Fe K-edge absorption-edge energy of 7112 eV [9]. The Ti K-edge
spectra were calibrated using a Ti metal reference foil, having a known Ti K-edge absorption-edge
energy of 4966 eV [9]. The reference spectra were collected in transmission mode concurrently
with the spectra from each sample studied.
S K-edge spectra were collected using the soft X-ray microcharacterization beamline (SXRMB,
06B1-1) located at the CLS. The beamline has a photon flux of >1 x 1011 photons/second and
provides a resolution of ∼0.25 eV when using a Si (111) crystal monochromator at X-ray energies
less than 2500 eV [187]. Samples were prepared by pressing the finely ground powders onto C
tape and spectra were measured in total electron yield (TEY) mode using a 0.10 eV step through
the absorption edge. The S K-edge spectra were collected from 2430 eV to 2600 eV. Spectra were
calibrated by setting the peak maximum in the plot of the first derivative from the most intense
(lowest energy) peak of the S K-edge spectrum of S powder to 2472 eV [9]. All spectra collected
were analyzed using the Athena software program and the default algorithm in Athena was used
to normalize the spectra [172]. The Fe K-edge spectra were normalized using a pre-edge range
of -45 eV→-13 eV and a post-edge region ranging between 85 eV→525 eV. (The energy values
are relative to the absorption-edge energy, Eo). The Ti K-edge spectra were normalized using a
pre-edge range of -150 eV →-30 eV and a post-edge region ranging between 150 eV →436 eV.
The S K-edge spectra were normalized using a pre-edge range of -33 eV→-6 eV and a post-edge
region ranging between 25 eV→112 eV.
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3.2.3 Electronic Structure Calculations
Electronic structure calculations were performed on Cu2FeSn3-xTixS8 using a self-consistent tight-
binding linear muffin tin orbital model with the atomic spheres approximation (TB-LMTO-ASA)
to aid in the interpretation of the XANES spectra [188]. Due to the large number of atoms in the
cubic unit cell, the smaller tetragonal unit cell reported for Cu2FeSn3S8 was used instead [107]. To
approximate the random distribution of Fe, Sn and Ti atoms over a single octahedral site, a super-
cell containing two units of the tetragonal unit cell joined along the a-axis was created, and the Sn,
Ti, and Fe atoms were individually allocated into the M sites. The symmetry of this new unit cell
was determined using the symmetry reduction program provided in the TB-LMTO-ASA package,
and the electronic structure calculations were then performed based on this new unit cell [188]. A
total of 490 k-points were used in the calculation and both the total density of states (DOS) and
partial density of states for the atomic orbitals were calculated. To better understand the S K-edge
spectra, crystal orbital Hamiltonian population (COHP) curves were also calculated to understand
the anti-bonding interactions between the constituent elements. No magnetic interactions between
atoms were considered when performing these calculations.
3.3 Results and Discussion
3.3.1 Room Temperature Fe K-edge XANES
Fe K-edge XANES spectra from several of the Cu2FeSn3-xTixS8 thiospinels were collected at
room temperature and are presented in Figure 3.2a. Two distinct features, labeled as A1 and A2,
are found in the pre-edge region of Figure 3.2a and are also presented in the inset of this figure.
These features are attributed to quadrupolar Fe 1s → Fe 3d transitions [2, 14, 18, 20, 28]. Along
with the pre-edge features, three features are found in the main edge, and are labeled as B1, B2,
and C in Figure 3.2a. These features primarily result from transitions to bound Fe 4p states, though
multi-scattering resonances (MSR, vide infra) may also contribute to their intensity. The analysis
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Figure 3.2: (a) Fe K-edge XANES spectra from the Cu2FeSn3-xTixS8 thiospinels collected at room
temperature are presented. Two features, A1 and A2, were found in the pre-edge region while three
features were found in the main edge region (B1, B2, and C). As the Ti content was increased, the
intensity of feature B1 decreased and the intensities of features B2 and C increased. Inset: The pre-edge
region is shown in an expanded view. The intensity of feature A2 increased the most with increasing
Ti content. (b) Derivative spectra of the Fe K-edge from the Cu2FeSn3-xTixS8 thiospinels are shown.
No shift in the energy of the peak maximums associated with features A1, A2, B1, or B2 are observed
with changing Ti content; however, feature C is observed to shift by 2.6 eV to higher energy across the
series. As the Ti content increases, the intensity of the derivative peak of feature B1 decreases while the
intensity of the derivative peak from feature B2 increases. (c) The Fe K-edge spectra (collected at room
temperature) from Cu2FeSnS4 and FeS2 are plotted along with the Fe K-edge spectra from Cu2FeSn3S8
and Cu2FeTi3S8. Inset: An expanded view of the pre-edge region from these spectra is shown.
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of the main-edge features was aided by examination of the first derivatives of the Fe K-edge spectra
(Figure 3.2b), which were used to analyze and quantify the shifts in the edge energy. Fe K-edge
spectra from FeS2 and Cu2FeSnS4 were collected to aid in the interpretation of these spectra, and
are presented in Figure 3.2c.
Both pre-edge features (A1 and A2) were found to increase in intensity as the Ti content was
increased (Figure 3.2a); however, the increase in the intensity of feature A1 was small while the
increase in the intensity of feature A2 was relatively large. (The intensity of feature A1 increased
by less than 20% while the intensity of feature A2 increased by ∼60%.) Based on examination
of Fe K-edge spectra from oxide-based materials, and the octahedral coordination geometry of
Fe2+ in the spinel structure, feature A1 is attributed to Fe 1s → 3d t2g excitations and feature
A2 is assigned to 1s → Fe 3d eg* excitations [2, 14, 18, 20, 28]. The intensity of the pre-edge is
linked to the coordination environment of the excited metal center, and a reduced coordination
number (or distortion from octahedral symmetry) can increase the intensity of the pre-edge [2,
14, 18, 20, 28]. As the coordination number decreases, the Fe 3d states can mix with local Fe 4p
states, which results in a excitation with greater dipolar character leading to an increase in the
pre-edge intensity [2, 14, 18, 20, 28]. In Cu2FeSnS4, Fe2+ occupies a tetrahedral site and in FeS2,
the low-spin Fe2+ occupies a highly distorted octahedral site [184, 186]. (In both materials, the
Fe–S bond distances that are shorter than those found in the Cu2FeSn3-xTixS8 materials.) These
large deviations from octahedral symmetry cause the pre-edge features from Cu2FeSnS4 and FeS2
to be found at slightly lower energies and have higher intensities then for the Cu2FeSn3-xTixS8
compounds (cf. Figure 3.2c). Based on this comparison, it can be concluded that the changes
in intensities of the pre-edge features in the Fe K-edge spectra from the Cu2FeSn3-xTixS8 samples
(Figure 3.2a) are not related to changes in coordination environment, as the octahedral coordination
environment of Fe2+ in Cu2FeSn3-xTixS8 does not become significantly distorted with substitution
[108].
Instead of changes in coordination, the increased intensity of features A1 and A2 are attributed
to the decrease in the Fe–S bond distance that occurs with increased Ti content [107,108,110]. The
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reduced Fe–S bond length allows for better overlap between the Fe 3d and S 3p states, increasing
the dipolar character of the pre-edge excitations, which results in the increased intensity of these
features. The difference in the magnitude of the changes between feature A1 and A2 may be
attributed to the different orientations of the Fe 3d t2g and Fe 3d eg* orbitals. The Fe 3d t2g orbitals
are non-bonding in a perfectly octahedral coordination environment, and, as such, do not interact
with the S 3p orbitals. However, the octahedra are slightly distorted from perfect Oh symmetry
in the Cu2FeSn3-xTixS8 system, which allows for weak interactions between the Fe 3d t2g and
S 3p orbitals, though changes in these interactions with varying Fe–S bond length are expected
to be slight [107, 108, 110]. In contrast, the anti-bonding eg* orbitals are aligned head-on with
the S 3p orbitals (Feature A2), and dipolar contributions are expected to be greatly enhanced as
the overlap between the Fe eg* and S 3p orbitals increases with decreasing Fe–S distance. This
explanation of the increase in pre-edge intensity is further supported by previous studies of Fe-
containing chalcogenides, where similar changes in the Fe K-edge pre-edge structure have been
observed with decreasing Fe–X distances (X = S, Se, Te) [189–191].
The main-edge region of the Fe K-edge XANES spectra from the Cu2FeSn3-xTixS8 materials
was also found to vary as the Ti content was increased. As Ti substitutes for Sn, the main-edge
energy shifts to higher energy. An analysis of the first derivative of the spectra (Figure 3.2b) indi-
cates that this apparent shift may be due to changes in intensity, as the energy of the most intense
first derivative peak, which results from a excitation of 1s electrons to 4p states on the absorbing
atom, was found to consistently have an energy of ∼7118.2 eV regardless of the value of x in the
chemical formula. The plot of the first derivative of the spectra also provides an interesting view
of the changes in features B1 and B2 in Figure 3.2a. In the plot of the first derivative of the spec-
trum from Cu2FeSn3S8 (Figure 3.2b), the main peak was asymmetric, with a low-energy shoulder.
As the Ti content increased, the derivative peak initially broadened, becoming more symmetric.
When the Ti content was further increased, the derivative peak again became asymmetric, with a
shoulder at higher energy being observed. This pattern indicates that the changes observed in the
main-edge region of the spectra presented in Figure 3.2a are likely a result of a decrease in the
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intensity of feature B1, and an increase in the intensity of feature B2. Plots of the partial DOS (Fig-
ure 3.3a-c) showed overlapping regions of Sn 5p, S 3p and Fe 4p density between 4-7 eV above
the Fermi edge. As a reference, a high density of Fe 3d states was found between ∼0-2 eV above
the Fermi-edge (Figure 3.4), corresponding to feature A1 in the Fe K-edge spectra presented in
Figure 3.2a. Feature A1 and feature B1 in the Fe K-edge spectra (Figure 3.2a) are separated by ∼5
eV, matching the separation between the Fe 3d states and the Sn 5p, S 3p, and Fe 4p states in the
plots of the partial DOS. Further, the calculated crystal orbital Hamiltonian populations (COHP)
curves (Figure 3.4b,d,f) indicated the presence of strong Fe–S and Sn–S anti-bonding interactions
in this energy range. Based on the electronic structure calculations (Figures 3.3 and 3.4), and the
energy at which the feature is found, feature B1 is attributed to the excitation of 1s electrons to
hybridized Fe 4p–S 3p–Sn 5p states [2].
If B1 is assigned to a transition of 1s electrons to Fe 4s–S 3p–Sn 5p states, then the observed
decrease in intensity of this feature with the substitution of Ti for Sn may be easily explained:
decreasing the number of Sn atoms reduces the number of Fe–S–Sn interactions, which decreases
the intensity of this feature. The concurrent increase in the intensity of feature B2 is also related
to the changing number of Fe–S–Sn interactions. As the number of hybridized Fe–S–Sn states
decreases, the Fe 4p states that were involved in these hybridized states become available for
other interactions. The resulting excess Fe 4p density likely shifts to higher energy, leading to the
observed increase in intensity of feature B2. The COHP curves (Figure 3.4b,d,f), show increased
Fe–S and Ti–S interactions 8-11 eV above the Fermi edge, and based on comparison with these
curves, it is possible that feature B2 in the Fe K-edge spectra presented in Figure 3.2a arises from
the excitation of 1s electrons to Fe 4p states interacting with Ti 4p states through S 3p states
(Fe 4p–S 3p–Ti 4p). (Interactions between neighboring Fe atoms are also possible; i.e., Fe 4p–S
3p–Fe 4p.) Thus, the intensity of this feature would be expected to increase as the Ti content is
increased owing to the larger number of possible hybridized Fe 4p–S 3p–Ti 4p states available for
1s electrons to be excited to. This assignment is further supported by examination of the Ti K-edge
spectra, which are discussed in Section 3.3.3.
66
Figure 3.3: The Fe 4p, Sn 5p, and S 3p partial DOS are presented for (a) Cu2FeSn3S8, (b)
Cu2FeSn2TiS8, (c) Cu2FeSnTi2S8, and (d) Cu2FeTi3S8 relative to the Fermi level (0 eV). The den-
sity of the Sn 5p and S 3p states was large between 4 eV and 7 eV. The the Sn 5p density in this region
(4-7 eV) decreased with increasing Ti content, mirroring the changes in the B1 and E1 features in the
Fe K- and Ti K-edge XANES spectra, respectively (Figures 3.2a and 3.6a).
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Figure 3.4: The S 3p, Fe 3d, Sn 5s, and Ti 3d partial DOS are plotted for (a) Cu2FeSn3S8, (c)
Cu2FeSnTi2S8, and (e) Cu2FeTi3S8 relative to the Fermi level (0 eV). The crystal orbital Hamilto-
nian population (COHP) curves are plotted for (b) Cu2FeSn3FeS8, (d) Cu2FeSnTi2S8, (f) Cu2FeTi3S8
relative to the Fermi level, and show the anti-bonding interactions present in these materials.
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The final feature labeled in Figure 3.2a (C) was found at ∼7126 eV in the spectrum from
Cu2FeSn3S8, and was observed to decrease in intensity and shift to higher energy (DE ∼ 2.4 eV)
with greater Ti incorporation. These changes are largely attributed to changes in the multi-
scattering resonances (MSR) that occur when the core electron is excited out of the atom. This
photoelectron can scatter off of multiple neighboring atoms, resulting in constructive and destruc-
tive interference patterns, which increases or decreases the probability of photon absorption, re-
spectively [6, 7]. The probability that the photoelectron will interact with a neighboring atom (the
backscattering power of the neighboring metal center) is directly related to the number of elec-
trons around the scatterer [6, 7]. As Ti is substituted for Sn, the average backscattering power of
the neighboring metal atom decreases, resulting in the decreased intensity of feature C. Changes in
the MSR contribution may also be responsible for the observed shift of feature C to higher energy.
The energy at which a MSR is found is inversely proportional to the scattering path length [192].
As the Fe–S bond length decreases, the scattering path length of the photoelectron also decreases,
resulting in a shift of feature C to higher energy.
3.3.2 Temperature-dependent Fe K-edge XANES
After developing an understanding of how the Fe K-edge spectra change with composition, the
effect of a change in the average Fe2+ spin state on the spectra was studied by collecting spectra
from several of the Cu2FeSn3-xTixS8 thiospinels at 50 K, 100 K, 200 K, and 290 K (Figure 3.5).
As the temperature is decreased, it has been shown that Fe2+ will undergo a SCO transition in
these materials from a HS state to a LS state [98]. The SCO transition temperature was determined
to be 215 K based on magnetic measurements and Mo¨ssbauer spectroscopy [98]. Surprisingly,
little change in the pre-edge region of the Fe K-edge XANES spectra was observed with varying
temperature, and only changes in the main-edge region of the spectra were observed.
In the pre-edge region of the Fe K-edge XANES spectra, the intensities of features A1 and
A2, which arise from excitations of 1s electrons to Fe 3d t2g and 3d eg* states, respectively (see
Section 3.3.1), were observed to change only very slightly with decreasing temperature (insets of
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Figure 3.5: Fe K-edge spectra collected at 50 K, 100 K, 200 K, and 290 K from (a) Cu2FeSn3S8, (b)
Cu2FeSn1.5Ti1.5S8, and (c) Cu2FeTi3S8 are presented. The insets of each show an expanded view of
the pre-edge region. As the temperature was decreased from 290 K to 100 K, the intensity of features
B1, B2, and C decreased in the Sn-containing samples. In Cu2FeTi3S8, only features B2 and C were ob-
served, and both decreased with decreasing temperature. Very little change in the spectra was observed
when the temperature was decreased from 100 K to 50 K. As the Ti-content was increased, the changes
in the spectra with decreasing temperature were found to become more subtle.
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Figure 3.5). While it is possible that this change is a result of the SCO transition, it is more probable
that it is a result of the increasing intensity of feature B1 in the main-edge region of the spectra
(vide infra). It was expected that the intensity of the pre-edge features would change much more
with temperature because the SCO transition involves changing the distribution of electrons in the
Fe 3d states from t2g4eg*2 (HS state) to t2g6e*0 (LS state), thus shifting the energy distribution
of unoccupied states; however, this was not the case. Previous studies of oxides that undergo a
SCO transition (e.g. LaCoO3, La1-xSrxCoO3, and La1-xSrxFeO3) have shown changes in the pre-
edge region of Co and Fe K-edge XANES spectra as the temperature is varied [127, 128]. While
changes in the pre-edge region of the spectra presented here were expected as the temperature
was varied based on previous studies of oxide-based materials, XANES studies of molecular SCO
compounds where O is not the predominate ligand coordinated to the metal center have also failed
to show significant changes in the pre-edge region with changing spin state [4, 193]. If the pre-
edge features in the spectra from Cu2FeSn3-xTixS8 were to change with temperature, it would be
expected that these changes would be relatively small, as the Fe2+ is not 100% HS at 300 K) or
100% LS at 50 K in the Cu2FeSn3-xTixS8 compounds [98]. It is likely then that any changes that
occurred in the pre-edge region of the spectra from the thiospinels because of the SCO transition
were masked by the highly covalent nature Fe 3d–S 3p bonds.
In contrast to the pre-edge, the intensities of the features found in the main edge region of
the spectra were found to be dependent on temperature (Figure 3.5). Feature B1 was observed to
increase in intensity with decreasing temperature while the intensities of features B2 and C were
observed to decrease with decreasing temperature. The magnitude of the changes observed in these
features decreased with increasing Ti content (Figure 3.5). The changes observed in this study are
consistent with the changes found in the main-edge region of Fe K-edge spectra from molecular
spin-crossover systems, in which a decrease in the intensity of main-edge features was observed
as the systems switched from a high-spin to low-spin state [4, 113, 189]. Based on this, it is likely
that the changes observed in the Fe K-edge spectra from the Cu2FeSn3-xTixS8 compounds are
associated with a change in the average spin-state of the Fe centers. Changes in the Fe spin-state
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are expected to result in a redistribution of the Fe valence states, which could explain the changes
in intensity of features B1 and B2. Changes in the distribution of Fe 4p states would be expected to
be more easily observed than changes in the Fe 3d states due to the strong, dipolar nature of the Fe
1s→ 4p transitions observed in the main-edge, as opposed to the weak, quadrupolar Fe 1s→ 3d
transition in the pre-edge.
The decreased magnitude of the changes observed in the Fe K-edge spectra with increasing
Ti-content is likely due to the decreased number of HS Fe2+ centers that undergo the SCO tran-
sition as the temperature is lowered [98]. This assertion is supported by the previous study of
the SCO transition in Cu2FeSn3-xTixS8 by using magnetic susceptibility measurements and Mo¨ss-
bauer spectroscopy [98]. These measurements found that the percentage of HS Fe2+ decreased
from∼70% at room temperature to ∼20% at 50 K when x = 0. When the Ti content was increased
to x = 3, ∼84% of the Fe2+ was HS at room temperature and at 50 K the percentage of HS Fe2+
only decreased to ∼74% [98]. In this previous study, it was reported that initially, when the Ti
content was increased from x = 0 to x = 1.5, the amount of Fe2+ in a HS state at room temperature
decreased. However, when the Ti content was further increased above x = 1.5, the amount of Fe2+
in the HS state at room temperature increased. This increase in HS Fe2+ when the Ti content was
greater than x = 1.5 was proposed to result from increased antiferromagnetic interactions between
the Fe2+ ions, lowering the energy of the HS state [98]. (The Ti concentration is low enough when
x < 1 that the Fe2+ centers do not interact significantly [98].) Lowering the energy of the HS state
reduces the amount of thermal energy required to excite the Fe2+ centers into a HS state, decreas-
ing the number of Fe2+ ions that transition from a HS to LS state when the temperature is lowered
from 290 K to 50 K [98]. The Fe K-edge XANES results reported here cannot be used to compare
the concentrations of HS and LS Fe2+ between compositions, but they do show that the relative
concentrations of HS and LS Fe2+ can be determined within a given composition.
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3.3.3 Ti K-edge XANES
Ti K-edge XANES spectra from the Ti-containing Cu2FeSn3-xTixS8 thiospinels were collected and
are presented in Figure 3.6a. In general, these spectra are similar to the Fe K-edge XANES spectra
presented in Figure 3.2a, though the changes observed are more subtle. Two features are found in
the pre-edge region of these spectra, labeled as D1 and D2, and arise from Ti 1s→ 3d transitions.
Three main-edge features are observed in the spectra and are labeled as E1, E2, and F. These
features are generally attributed to Ti 1s→ 4p transitions, though multi-scattering effects may also
contribute. The Ti K-edge spectrum from TiS2 was collected to aid in the interpretation of these
spectra, and is compared to the Ti K-edge spectrum from Cu2FeTi3S8 in the inset of Figure 3.6a.
The intensities of the pre-edge features (D1 and D2) in the spectra from Cu2FeSn3-xTixS8 increase
slightly as the Ti content was increased. This change is attributed to the shortening of the Ti–S
bond caused by the contraction of the unit-cell with greater Ti incorporation. The contraction
allows for better overlap between the Ti 3d and S 3p states, which increases the dipolar character
of the excitation.
The discrepancy between the magnitude of the changes found in the pre-edge regions of the
Ti K- and Fe K-edge spectra (cf. Figures 3.2a and 3.6b) may be explained by comparing the
electronegativities of Ti, Fe, Sn, and S, which are 1.32, 1.64, 1.72, and 2.44, respectively [194].
Based on these values, it is expected that the Fe–S bond would be more covalent than the Ti–S
bond. Therefore, changes in the M–S bond length would influence the pre-edge intensity in the
Fe K-edge spectra more than in the Ti K-edge spectra, as increased covalency entails more S 3p
character in the Fe 3d–S 3p bond, resulting in a transition with greater dipolar character. Further,
as Ti is substituted for Sn, the average electronegativity of the neighboring metal center (M) de-
creases, allowing the electron density in the Fe–S–M interaction to be shifted towards the Fe–S
bond, further increasing the covalency of this bond (relative to the Ti–S bond) [195, 196].
The main-edge features (E1, E2, and F) in the Ti K-edge XANES spectra were also observed
to change as the Ti content was varied. Feature E1 decreased in intensity as the Ti content was
increased. This feature is analogous to feature B1 found in the Fe K-edge spectra, and is attributed
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Figure 3.6: (a) Ti K-edge spectra from several Cu2FeSn3-xTixS8 thiospinels are shown. Features D1
and D2 are found in the pre-edge region while three features (E1, E2, and F) are found in the main edge
region. Inset: The Ti K-edge spectra from Cu2FeTi3S8 and TiS2 are compared. (b) An expanded view
of the pre-edge region of the Ti K-edge spectra shows that the intensities of both features (D1 and D2)
increase as Ti is substituted for Sn. This trend is especially noticeable for feature D2. (c) The main-edge
region of the first derivatives of the Ti K-edge spectra is shown. The peak associated with feature E1
shifts slightly to lower energy while feature E2 shifts to higher energy by ∼1 eV with increasing Ti
content as indicated by the arrow.
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to excitations to Ti–S–Sn states. This conclusion is supported by plots of the partial DOS (Fig-
ure 3.3), which show Ti 4p density in the 4-7 eV energy range, where a high density of Sn 5p and S
3p states are also found. These states are ∼3 eV above a high-density region of Ti 3d states found
at ∼ 0-3 eV in Figure 3.3, matching the separation between features D1 and E1 in the Ti K-edge
spectra presented in Figure 3.6. The COHP curves (Figure 3.4) also support the assignment of
feature E1 to the excitation of 1s electrons to Ti 4p–S 3p–Sn 5p states, as they show anti-bonding
Ti–S and Sn–S interactions in the 4-7 eV region as well. The origins of feature E1 lead to a sim-
ple explanation for why the intensity decreases with increasing Ti content. As Ti replaces Sn, the
average number of next-nearest-neighbor Sn atoms is reduced, decreasing the number of Ti–S–Sn
interactions.
Continuing the analysis of the Ti K-edge spectra, feature E2 was observed to shift to higher
energy as the Ti content increased. This change is best observed by examining the first derivative
of the spectra Figure 3.6c), where the peak maximum of feature E2 shifts from 4975.5 eV to
4976.5 eV. Based on the Fe K-edge results, which possibly showed a Fe 4p–S 3p–Ti 4p interaction,
it seems likely that a redistribution of Ti 4p states from Ti 4p–S 3p–Sn 5p like interactions to
Ti 4p–S 3p–Fe 4p like interactions occurs upon substitution of Ti, shifting feature E2 to higher
energy. MSR contributions may explain the change in the intensity of feature F, which decreased
in intensity and shifted to higher energy as the Ti content was increased. Similar to feature C in
the Fe K-edge spectra (see Section 3.3.1 and Figure 3.2a), the average backscattering power of
the neighboring atoms decreases as Ti is substituted for Sn, resulting in a lowering in intensity of
the MSR contribution (Feature F). Further, as the Ti–S bond distance decreases, the path length
increases, shifting the MSR feature to higher energy.
Interestingly, the changes between the Ti K-edge spectra from Cu2FeTi3S8 and TiS2 are similar
to the changes between the Ti K-edge spectra from TiS2 and CoxTiS2 reported previously [197].
The TiS2 structure is best described as sheets of edge-sharing TiS6 octahedra stacked along the
c-axis [191, 197]. When Co is intercalated into the system, it occupies the octahedral voids
between these sheets of octahedra [191, 197, 198]. The similarities between the CoxTiS2 spec-
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tra reported previously, which have not been substantially interpreted, and the spectra from the
Cu2FeSn3-xTixS8 materials reported here suggests that they change for similar reasons when the
composition is varied.
3.3.4 S K-edge XANES
S K-edge spectra were collected from the Cu2FeSn3-xTixS8 materials (Figure 3.7a) to investigate
how the electronic structure of these compounds was affected by changing Ti content. S adopts a
charge of -2 in these compounds, resulting in a full 3p shell, and S 1s→3p excitations are there-
fore not expected. However, similar to O K-edge XANES spectra, interactions with orbitals on
neighboring atoms create empty states with strong S 3p character, and, as such, S K-edge spectra
provide information about the covalency of the M/Cu–S bonds and the distribution of anti-bonding
states [199–203]. (Based on the origin of the features present, these spectra can be subdivided into
pre-edge and main-edge regions similar to the Fe and Ti K-edge spectra discussed above.) To aid
in the interpretation of these spectra, the S K-edge spectra from a series of reference compounds
were collected and are presented in Figure 3.7b.
Three general features are observed in the spectra presented in Figure 3.7a, and are labeled as
G (or G’1 and G’2), H, and I. Cu2FeSn3S8 has one peak in the pre-edge region located at ∼2471.5
eV (G), and the transition that it results from can be determined by comparison to a plot of the
partial DOS for this compound. The calculated partial DOS (Figure 3.4a) indicates that between
0-2 eV, a high density of both S 3p and Sn 5s states are present. This is the lowest-energy region of
high S 3p density, and, as such, must be associated with feature G. The COHP curves (Figure 3.4b)
indicate that strong anti-bonding interactions between Sn and S are observed in this same energy
region. Thus, it is concluded that feature G in the spectrum from Cu2FeSn3S8 arises primarily
from the excitation of S 1s electrons to anti-bonding Sn 5s–S 3p states, consistent with a previous
study of Cu2FeSn3S8 [112]. This is further confirmed by the S K-edge spectrum from Cu2FeSnS4
(Figure 3.7b), which also shows a large, single peak at a similar energy. As the Ti content was
increased in Cu2FeSn3-xTixS8, feature G was observed to split into two features, G’1 and G’1. The
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Figure 3.7: (a) S K-edge spectra from the Cu2FeSn3-xTixS8 thiospinels are presented. Feature G, at
2471.5 eV, was observed to split into two features, G1’ and G2’, at 2470.5 eV and 2472.5 eV with
increasing Ti content. The intensity of feature H at 2475 eV was observed to decrease with increasing
Ti content while feature I (2477.5 eV) broadened and shifted to higher energy. Inset: The spectra are
plotted offset along the y-axis to better show the pre-edge features (G, G1’, and G2’). (b) The S K-edge
spectra from a series of S-bearing standards are presented along with the S K-edge spectra from the
Cu2FeSn3S8 sample. These spectra clearly indicate that feature G is due to Sn–S interactions, while
features G1’ and G2’ are due to Ti–S interactions.
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COHP curves from the Ti-containing thiospinels (Figures 3.4d and f) indicated the presence of
strong Ti–S interactions near the Fermi level (0 eV). As the Ti content is increased, the Fe/Sn/Ti–S
interactions split into two distinct energy regions, explaining the splitting of feature G. The nature
of the Ti–S interactions may be further elucidated by examination of the plots of the partial DOS
(Figures 3.4c and e), which show overlapping densities of S 3p and Ti 3d states in this energy
region that increase with increasing Ti content. Based on this, and the 2 eV splitting of the G’1
and G’2 peaks, in good agreement with reported crystal-field splitting values of other titanium-
containing compounds, feature G’1 is assigned to S 3p–Ti 3d t2g interactions and feature G’2 is
assigned to S 3p–Ti 3d eg* [112, 204, 205]. The S K-edge spectrum from TiS2 serves to further
confirm these conclusions, as it also exhibits two distinct peaks at 2470.7 eV and 2472.4 eV. No
distinguishable features associated with S 3p–Fe 3d interactions are found in the pre-edge region
of the S K-edge spectra from all of the thiospinels examined. This is attributed to both the low
concentration of Fe in these systems, and the similar energy at which the Fe 3d–S 3p interactions
are found compared to the Sn 5s–S 3p/Ti 3d–S 3p interactions (cf. the FeS spectrum in 3.7b).
Feature H (∼2475 eV) in the spectra presented in 3.7a was observed to decrease in intensity
with increasing Ti content. Comparison to the S K-edge spectra from the reference compounds pre-
sented in 3.7b shows that only the spectrum from Cu2FeSnS4 contained any features near 2475 eV,
providing strong evidence that this feature is related to Sn–S interactions. The COHP curves (Fig-
ure 3.4) confirm this inference, as strong anti-bonding Sn–S interactions were observed between
∼3-7 eV above the Fermi-level. The plots of the partial DOS (Figure 3.3) show a high density of
both S 3p states and Sn 5p states in this same energy region leading to the conclusion that feature H
arises from excitations of 1s electrons to Sn 5p–S 3p anti-bonding states. This assignment leads to
an obvious explanation of why feature H decreases with Ti content: as Ti replaces Sn, the number
of Sn 5p–S 3p interactions must also decrease.
Like the change in feature H, the changes in feature I are also linked to changes in composition.
Both the S K-edge spectra from Cu2FeSnS4 and FeS exhibit a feature in this energy region, and
because of this similarity, feature I is concluded to arise from excitations to Fe 4p–S 3p and Cu
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4p–S 3p interactions. The COHP curves for Cu2FeSn3-xTixS8 (Figure 3.4b, d, f) validate this con-
clusion as a region of relatively intense Fe–S and Cu–S anti-bonding interactions is found between
9-13 eV above the Fermi level. The plots of the partial DOS (Figure 3.3) also show high densities
of S 3p and Fe 4p states in the same energy region, indicating that this feature arises from Fe 4p
states interacting with S 3p states. As Ti was substituted for Sn in Cu2FeSn3-xTixS8, the intensity
of feature I increased and the feature broadened and appeared to shift by ∼1.3 eV to higher energy
(Figure 3.7a). These changes may be understood by considering a second, overlapping excitation
which arises from transitions to S 3p states interacting with Ti states. Comparison to the S K-edge
spectrum from TiS2 (3.7b), which has a broad feature at 2479 eV, confirms that Ti–S interactions
contribute to the intensity of feature I in the Ti-bearing Cu2FeSn3-xTixS8 materials. The COHP
curves from Cu2FeSn3-xTixS8 (3.4) also showed strong, anti-bonding interactions between Ti and
S in the region 12-14 eV above the Fermi level, further supporting the conclusion that excitations
to Ti–S states contribute to the intensity of feature I in the S K-edge spectra from Cu2FeSn3-xTixS8.
Based on an analysis similar to that used for feature H, the plots of the partial DOS allow the spe-
cific assignment of the Ti–S interactions to Ti 4p–S 3p anti-bonding states (Figure 3.3). This leads
to the simple explanation for the correlation between Ti content and the intensity of feature I: as Ti
replaces Sn, more Ti–S antibonding states are available for S 1s electrons to be excited to. Since
these Ti 4p–S 3p interactions occur at higher energy compared to the Fe 4p–S 3p interactions, this
results in the broadening and apparent shift of feature I to higher energy (and intensity) as the Ti
content increases in Cu2FeSn3-xTixS8.
3.4 Conclusions
A series of Cu2FeSn3-xTixS8 thiospinels were synthesized and characterized using XANES and
LMTO-based electronic structure calculations. It was found that the covalency of the Fe–S bond in
this system was strongly influenced by the Fe–S bond distance, as evidenced by the large changes
in the pre-edge region of the Fe K-edge XANES spectra. The Fe K- and Ti K-edge spectra also
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showed that long-range Fe/Ti–S–Sn interactions are present, indicating that the molecular orbital
approach that is typically used to understand transition-metal K-edge XANES is not appropri-
ate for this system. Examination of S K edge spectra from the Cu2FeSn3-xTixS8 materials sup-
ported the interpretations of the room-temperature Fe K- and Ti K-edge XANES spectra. The
Cu2FeSn3-xTixS8 materials were thought to provide a rare opportunity to study how the SCO tran-
sition affects the pre-edge region of the XANES spectra from crystalline materials. Surprisingly,
the pre-edge features of the Fe K-edge XANES spectra showed little change as the temperature was
varied. This is believed to be a result of the highly covalent nature of the system, in which S 3p
character dominated the pre-edge intensity, overshadowing any changes due to the SCO transition.
However, changes were observed in the main-edge region of the Fe K-edge spectra collected at
different temperatures, enabling qualitative analysis of the relative change in Fe2+ spin-state in a
given material depending on temperature. Such an analysis could be used to provide insight into
how the HS/LS equilibrium varies with composition in other crystalline systems, as has been em-
ployed during the examination of Fe K-edge XANES spectra from molecular systems [4,113,189].
Finally, the XANES spectra and LMTO calculations presented in this study were able to accurately
describe the electronic structure of the Cu2FeSn3-xTixS8 thiospinels, allowing for a better under-
standing of the bonding interactions present within these materials.
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Chapter 4
AN X-RAY ABSORPTION SPECTROSCOPIC STUDY OF
THE ELECTRONIC STRUCTURE AND BONDING OF
RARE-EARTH ORTHOFERRITES1
4.1 Introduction
In Chapter 2, the pre-edge regions from Fe K- and Mo K-edge XANES spectra were used to investi-
gate how the oxidation state and oxygen deficiency changed with Fe content in the Sr2Fe2-xMoxO6
double perovskites. These investigations led to a method of how to differentiate changes in ox-
idation state from changes in coordination number. In Chapter 3, the effect of changes in cova-
lency of the metal-ligand bond on the pre-edge features were investigated by studying a series of
Cu2FeSn3-xTixS8 thiospinels. Overall, these previous chapters focused mainly on well-known, lo-
cal excitations. In this chapter, a non-local pre-edge excitation, known as an intersite hybrid (see
Section 1.1.1.2 on page 4) will be investigated. This feature arises from excitations to next-nearest-
neighbour Fe 3d states which interact with the absorbing Fe 4p states through O 2p states. The
properties of this feature are still experimentally uncertain. The effect of changes in the M–O–M’
bond angle on the intensity of the intersite hybrid feature was systematically studied in this chapter
by collecting the Fe K-edge XANES spectra from a series of REFeO3 orthoferrites.
The rare-earth orthoferrites, having the general formula REFeO3 (RE = rare-earth, Y), have
1A version of this paper has been published. Copyright is owned by the Interational Organizatin of Physics (IOP).
Reprinted with permission from J.R. Hayes and A.P. Grosvenor, Journal of Physics: Condensed Matter, (2011) 23,
465502 . DOI: 10.1088/0953-8984/23/46/465502
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Figure 4.1: The octahedral tilt angle (a), defined as the angle between layers of FeO6 octahedra, is
plotted as a function of the effect ionic radius of the RE atom [153]. As can be seen, a is directly
proportional to the ionic radius of the RE.
been investigated for use in a wide variety of applications. Some of these applications include use
in solid-oxide fuel cells, gas sensors, photo-catalysis, and vehicle catalytic converters [135–139].
Briefly, these oxides adopt a distorted perovskite-type structure, with space group Pnma, in which
the rare-earth atom occupies interstitial sites between layers of corner-sharing FeO6 octahedra (Fig-
ure 1.7 on page 31). The RE atom in this structure is surrounded by 12 O atoms, with eight of these
atoms forming an inner coordination shell, while the remaining four create an outer coordination
shell. Based on structural arguments, it has been proposed that only the eight inner coordination
shell O atoms, which adopt a distorted square anti-prismatic coordination geometry, interact with
the RE atom [143,144,146]. Because the rare-earth orthoferrites adopt an orthorhombic perovskite
structure, the cation sites are highly substitutable, allowing the materials to be tuned for specific
applications [48, 206, 207].
In the REFeO3 orthoferrites, the BO6 octahedra are tilted, resulting in a distortion from the
regular perovskite structure. As the ionic radius of the rare-earth atom increases, the tilt angle
between the octahedra along the c-axis (a) increases linearly (Figure 4.1) [146–154]. (A similar
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trend is observed for the angle between octahedra in the a/b plane.) Based on the definition of tilt
angle presented here and in Figure 1.7 on page 31, the structure becomes less distorted (compared
to the ideal perovskite structure) with increasing a. This controlled and well-defined change in
the Fe-O-Fe bond angle with different RE atoms provides an opportunity to perform a systematic
study of the relationship between the Fe-O-Fe bond angle and the intensity of the intersite hybrid.
To investigate how the electronic structure and bonding environment in these materials change
as the identity of the RE is varied, XANES has been performed. In this study, O K-, Fe L-, and Fe
K-edge XANES spectra have been collected from a series of REFeO3 compounds to investigate
how the electronic structure and bonding environment varies depending on the identity of the RE
cation. The influence of a change in bond angle between NNN Fe atoms on the intensity of the
intersite hybrid peak intensity observed in the pre-edge region of the Fe K-edge spectra has also
been studied, and is reported here.
4.2 Experimental
4.2.1 Synthesis
A series of REFeO3 compounds (RE = La, Pr, Nd, Sm, Eu, Gd, Ho, Yb, Y) were synthesized via
a solid-state synthesis route [207, 208]. Stoichiometric amounts of RE2O3 (Alfa Aesar REaction,
>99.%) and Fe2O3 (Alfa Aesar, 99.945%) were ground, mixed, and pressed into a pellet at 6 MPa
and the pellets were heated at 1473 K for 4-12 days, with intermittent grinding and re-pelleting.
(The RE2O3 precursor was heated in air at 1073 K for 12 h prior to mixing to remove any adsorbed
water.) In general, the compounds containing heavier rare-earth elements required longer heating
times (e.g., LaFeO3 was heated for four days while YbFeO3 required 12 days of heating). Phase
purity of the synthesized compounds was checked via powder X-ray diffraction (XRD) using a
PANayltical Empyrean powder X-ray diffractometer using monochromatic Cu Ka1 radiation. The
diffraction patterns (Figure 4.2) showed that, in all cases, the samples were either phase pure or
nearly phase pure (>90%). In the Ho, and Yb orthoferrites, unreacted RE2O3 was present, and
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Figure 4.2: XRD diffraction patterns from the synthesized REFeO3 compounds. Minor impurities
were found in GdFeO3, HoFeO3, and YbFeO3. *: RE2O3, #: Gd3Fe5O12.
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in GdFeO3, a small amount of Gd and Fe containing garnet (Gd3Fe5O12) was also present, but in
concentrations too low to significantly impact the collected X-ray absorption spectra (<10%).
4.2.2 XANES Measurements
The Fe L- and O K-edge spectra were collected using the Spherical Grating Monochromator beam-
line (SGM, 11ID-1) located at the Canadian Light Source. The flux of the incident beam at 1900
eV is ∼1011 photons/second, and increases to ∼4 x 1012 photons/second at 250 eV. The resolution
is better than 0.3 eV at excitation energies less than 1500 eV and the precision of the measured
absorption energies is better than ±0.1 eV [209]. Finely ground powder samples were mounted
on carbon tape and measured in either total electron yield mode (TEY, Fe L-edge) or fluorescence
yield mode (FLY, O K-edge), and spectra were collected using a 0.1 eV step through the absorption
edge. The Fe L-edge spectra were collected from 685 eV to 760 eV and the O K-edge spectra were
collected from 498.5 eV to 600 eV. The Fe L-edge spectra were calibrated using a powdered Fe
metal standard having a well-known L3-edge energy of 706.8 eV and the O K-edge spectra were
calibrated using powdered Cr metal as a standard with an L3-edge energy of 574.1 eV [9].
Fe K-edge spectra of several REFeO3 compounds (RE = La, Pr, Sm, Ho, Yb, Y) were col-
lected using the Pacific Northwest Consortium/X-ray Science Division Collaborative Access Team
(PNC/XSD-CAT, Sector 20) bending magnet beamline (20BM) located at the Advanced Photon
Source (APS), Argonne National Laboratory. (It was not possible to collect spectra for NdFeO3,
EuFeO3, or GdFeO3 as the RE L-edges in these samples are too close in energy to the Fe K-edge to
allow for appropriate normalization.) A silicon (111) double crystal monochromator with harmonic
rejection was used, which at 7000 eV has a resolution of 1 eV and a photon flux of ∼1011 pho-
tons/second [171]. Samples were finely ground and sandwiched between layers of Kapton tape
and the number of layers of tape was varied to maximize absorption. Samples were mounted at a
∼45° angle to the incident beam with transmission spectra collected using N2-filled ion chambers
and partial fluorescence yield spectra collected using a Canberra 13-element Ge detector. The Fe
K-edge spectra were collected from -200 eV below the edge (7112 eV) to k = 15, which is 857.2
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eV above the edge. Spectra were calibrated using an Fe reference foil, having a known Fe K-edge
absorption-edge energy of 7112 eV [9]. The spectra from the reference foil were collected concur-
rently with the spectra from each oxide studied. All spectra collected were calibrated, normalized,
and analyzed using the Athena software program [172]. The Fe K-edge spectra were normalized
using a pre-edge range of -122 eV→-18 eV and a post-edge region ranging between 170 eV→725
eV (All energies are relative to the absorption-edge energy, Eo). The Fe L-edge spectra were nor-
malized using a pre-edge range of -18 eV→-5 eV and a post-edge region ranging between 685 eV
→760 eV. The O K-edge spectra were normalized using a pre-edge range of -32 eV→-6 eV and a
post-edge region ranging between 18 eV→65 eV.
4.2.3 Electronic Structure Calculations
Electronic structure calculations were performed for YFeO3 using a self-consistent tight-binding
linear-muffin-tin orbital model with the atomic spheres approximation (TB-LMTO-ASA) to aid in
the interpretation of the collected XANES spectra [188]. A total of 432 k-points were used in the
calculation and the total density of states (DOS) of the system and partial DOS for Fe 4p and 3d,
Y 5p and 4d, and O 2p orbitals were calculated. It was not possible to perform these calculations
for the rare-earth containing compounds owing to the presence of f-orbitals which are not typically
well handled by this package.
4.3 Results and Discussion
4.3.1 Fe L3-Edge
The Fe L3-edge spectra from some of the REFeO3 samples studied along with a spectrum from
Fe2O3 are presented in Figure 4.3. Based on dipolar selection rules, the spectral features primarily
arise from Fe 2p→Fe 3d transitions. Peak A (708.6 eV) arises from transitions to non-bonding
Fe 3d t2g orbitals, while Peak B (710.3 eV) is assigned to transitions to anti-bonding Fe 3d eg*
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Figure 4.3: The Fe L3-edge spectra are shown. Peak A is a result of excitations to 3d t2g orbitals while
Peak B results from excitations to 3d eg* orbitals. Peak B is narrower and shifted 0.2 eV to higher
energy in the spectra from the REFeO3 compounds compared to in the spectrum from Fe2O3 due to the
less distorted FeO6 octahedra found in the REFeO3 compounds.
states [210, 211]. The intensity ratio between the two peaks is approximately 1:2 (A:B), which
deviates from the expected 3:2 ratio based on orbital occupancy (assuming Fe adopts a +3 oxidation
state). This deviation from the expected value is attributed to multiplet splitting effects, in which
multiple final states are created when the resulting unpaired core-electron couples with the valence
d-electrons (and possibly the excited electron), creating a myriad of final states [1].
The similarity in energy of peak A in all of the REFeO3 compounds studied to that in Fe2O3
confirms that Fe adopts a 3+ oxidation state in REFeO3. However, peak B is 0.2 eV lower in
energy in Fe2O3 than is observed for the orthoferrites, which is a result of the FeO6 octahedra
being less distorted in the REFeO3 materials, leading to a larger crystal field splitting energy [28,
210, 211]. The change in the line-shape of peak B, which is broader and less intense in Fe2O3
than in REFeO3, provides further evidence that there is less distortion of the FeO6 octahedra in the
REFeO3 materials. The broadening of peak B in the spectrum from Fe2O3 is a result of breaking
the degeneracy of the eg* orbitals, which is consistent with a deviation from ideal Oh symmetry
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Figure 4.4: The O K-edge spectra from the REFeO3 compounds are presented. Peaks A and A’ arise
from excitations to O 2p states interacting with Fe 3d t2g and Fe 3d eg* states, respectively. Peaks B and
B’ arise from excitations to O 2p states interacting with RE states and peaks C and C’ appear to arise
from excitations to O 2p states interacting with Fe 4p/4s states (cf. 4.6). Inset: The derivative plot of
the spectra shows that the inflection point of Peak B is shifted to higher energy as the ionic radius of the
RE atom decreases.
[22]. Overall, the line shape and position of the peaks in the REFeO3 spectra do not change as the
identity of the RE is varied.
4.3.2 O K-edge
O K-edge spectra were collected to understand how the bonding and distribution of conduction
states change within the REFeO3 compounds through substitution of the RE and are presented in
Figure 4.4. As these spectra result from the excitation of O 1s electrons to anti-bonding states that
arise from O 2p orbitals interacting with orbitals on the coordinating atoms, they are very sensitive
to changes in composition. These spectra are complex, but assignment of the spectral features
observed can be made by comparing the REFeO3 spectra to Fe2O3, as was done for YFeO3 (Fig-
ure 4.5). This comparison clearly shows that peaks A, A’, C, and C’ arise from interactions of the
O 2p orbitals with Fe orbitals and can be more specifically assigned as transitions to O 2p–Fe 3d t2g
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Figure 4.5: The O K-edge spectrum of YFeO3 is compared with that from Y2O3 and Fe2O3. It can
be clearly seen here that peaks A, A’, C, and C’ in YFeO3 result from excitations to O 2p orbitals
interacting with Fe orbitals.
(A), O 2p–Fe 3d eg* (A’), and O 2p–Fe 4p/4s (C,C’) final states [199]. The crystal field splitting
between A and A’ is found to be 1.4 eV, which is reasonably close to the value of 1.8 eV found in
the Fe L-edge spectra and 1.5 eV found in the Fe K-edge (vide infra), given the slight differences of
the final state associated with the nature of each edge, further validating the assignment of peaks A
and A’. No significant changes were observed in peaks A and A’ as the RE was varied, confirming
the observation from the Fe L3-edge spectra (vide supra) that the FeO6 octahedra are not affected
by substitution of the RE atom.
Two peaks (B and B’) are observed in the spectrum from YFeO3 that do not correlate with the
lowest-energy features observed in the spectrum from Y2O3. If one considers the effects of a shift
in these peaks in the spectra from Y2O3 and YFeO3 to be due to the difference in crystal structure
between the two materials, peaks B and B’ may tentatively be assigned to interactions between the
RE atom and O. This assignment of peaks B and B’ to RE–O interactions is reinforced by previous
studies of comparable perovskite systems in which interactions between cations residing in the
interstitial sites and O have been observed to occur at similar energies [212–214]. The assignment
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Figure 4.6: The partial DOS are presented and have been plotted relative to the Fermi-level. Significant
overlap of Fe 3d and O 2p density is found at ∼0.7-2.9 eV while the Y 4d and O 2p densities are
observed to overlap at ∼4.5-7.5 eV. The separation of these two regions of overlap matches well with
the separation between peaks A’ and B in the REFeO3 O K-edge spectra (4.5), further confirming the
assignment of peaks B and B’ as resulting from excitations to O 2p states interacting with RE states.
of peaks B and B’ to RE–O interactions is further confirmed by partial DOS calculations that were
performed on YFeO3 (Figure 4.6). These calculations indicate a strong overlap of O 2p and Y 4d
density approximately 3 eV above a region of strong O 2p–Fe 3d overlap. The separation in energy
observed in these calculations is mirrored in the O K-edge spectra, as peaks A’ and B are separated
by ∼3.1 eV. It should be noted that the observation of peaks B and B’ at higher energy than A and
A’ does not imply stronger bonding between the RE and O than between Fe and O, but rather just
that the RE 5d states are found at higher energy than Fe 3d states (as shown in the YFeO3 DOS
calculations presented in Figure 4.6).
With decreasing radius of the RE atom, peak B in the O K-edge spectra from the REFeO3
oxides studied shifts to higher energy by ∼1.0 eV over the entire series (see derivative spectrum
in the inset of Figure 4.4). The absolute reason for this observation is not known, but it appears
to be related to changes in the coordination geometry and variations in the RE–O bond distances.
The RE–O distances decrease with decreasing radius of the RE atom and may result in a change
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Figure 4.7: The Fe K-edge spectra from REFeO3 compounds are plotted along with an Fe2O3 refer-
ence spectrum (solid line). Features A1, A2, and A3 comprise the pre-edge region and arise primarily
from 1s→ 3d excitations. Features B1 and B2 make up the main-edge region and result from 1s→4p
transitions. The edge energy is represented by the dashed vertical line, and its position does not change
between the spectra. Inset: Comparison of spectra from Fe2O3 and YFeO3.
in the bonding interaction leading to a shift of the RE–O anti-bonding states. Alternatively, the
shift in energy of peak B may be related to changes in the geometry around the RE centre. As the
ionic radius of the RE decreases, the geometry of the O atoms around the RE atom changes such
that it is closer to an ideal square anti-prismatic arrangement, which may result in more degenerate
anti-bonding states [144]. In addition to these changes, the role of the f- orbitals in the RE–O
interaction also cannot be discounted. It is likely that the origin of the shift in energy of peak B is
not due to one single reason, but rather is a result of a mixture of the reasons suggested above.
4.3.3 Fe K-edge
To better understand how substitution of the RE impacts the electronic structure of the REFeO3
compounds studied here, Fe K-edge spectra from several REFeO3 compounds as well as Fe2O3
were collected and are presented in Figure 4.7. Examination of these spectra also provided an
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Figure 4.8: The pre-edge region of the REFeO3 and Fe2O3 Fe K-edge spectra are plotted as well as the
background resulting from dipolar contributions, which was modeled by an arctangent function (dashed
line). The changes in intensity of features A3 and B1 depending on the RE atom are described in the
text.
opportunity to observe how the intersite hybrid feature, found in the pre-edge region, is impacted
by changes in the Fe–O–Fe bond angle. The Fe K-edge can generally be split into two regions; a
pre-edge consisting of low intensity Fe 1s→ Fe 3d excitations (A1, A2, and A3 in Figure 4.7), and
the main-edge region which arises from dipolar Fe 1s→ 4p excitations (B1 and B2 in Figure 4.7)
[2, 18, 24]. Multiple changes in the pre-edge and main-edge region of these spectra were observed
depending on the RE and are discussed separately below.
4.3.3.1 Pre-edge Excitations
The pre-edge region of the Fe K-edge spectra are presented in Figure 4.8, and three significant
features (A1, A2, and A3) can be identified (B1 is attributed to main-edge excitations, vide infra).
In accordance with previous studies, and comparison to the Fe2O3 spectrum, features A1 and A2
are attributed to local excitations of 1s electrons to Fe 3d t2g and eg* states, respectively [2,18,24].
Little change is observed in these features as the RE atom is changed, in agreement with the Fe
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L3-edge (Figure 4.3) and O K-edge (Figure 4.4) results. Of more interest is feature A3, which is
proposed here to result from a non-local Fe 4p–O 2p–Fe 3d intersite hybrid excitation [14]. Inter-
site hybrid peaks have been observed in many systems, including Fe2O3, TiO2, Fe1-xGaxSbO4, and
Ca2-xCuO2Cl2, and are generally found at energies only slightly higher than the local, quadrupo-
lar 1s → 3d excitations [14, 15, 19, 22, 28]. The assignment of feature A3 may also be made by
direct comparison to the Fe2O3 reference spectrum (Figure 4.8), which is well known to exhibit
an intersite hybrid feature at a similar energy to those observed in the spectra from the REFeO3
compounds studied here [28].
To better visualize how the intersite hybrid feature (A3) changes with the identity of the RE
atom, the background arising from the main-edge dipolar excitation has been modeled using an
arctangent function and the background-removed spectra are presented in [28]. While issues aris-
ing from the difficulty in fitting the background prevent quantitative analysis, it is qualitatively
observed that the intensity of the intersite hybrid peak (A3) decreases relative to the intensities of
peaks A1 and A2 as the ionic radius of the RE decreases. In the REFeO3 system, the Fe L3- and
O K-edges, coupled with crystallographic data, have shown that the Fe–O bond lengths are not
affected by the identity of the RE atom, and only the tilt angle (α) between the FeO6 octahedra
change significantly [146–152]. Thus, the observed changes in the intensity of the intersite hybrid
peak (A3) cannot be attributed to changes between the Fe and O atoms and, therefore, must result
from another reason. Here, the variation in intensity of the intersite hybrid peak is attributed to the
change in the Fe–O–Fe bond angle with substitution of the RE atom (cf. Figure 2).
The influence of the bond angle on the intersite-hybrid feature can be understood by consid-
ering the interaction between the 4p orbitals on the absorbing Fe atom, the nearest-neighbor O 2p
orbitals, and the NNN Fe 3d orbitals. The strength of the Fe 4p and NNN Fe 3d orbital interaction
is maximized when the Fe–O–Fe bond angle is 180°. This is because both orbitals overlap with the
same O 2p orbital. In contrast, no overlap between the Fe 4p and NNN Fe 3d orbitals may occur
when the Fe–O–Fe bond angle is equal to 90°, resulting in a total quenching of the intersite hybrid
feature. Between these two limiting cases, as the Fe–O–Fe bond angle approaches 90°, the amount
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Figure 4.9: a) The background subtracted pre-edge region of the Fe K-edge spectra from the REFeO3
compounds is plotted. Little change is observed in features A1 and A2 across the series of REFeO3
compounds studied, as they result from local, 1s→3d transitions. The background due to the dipolar
excitation was modeled using an arctan function. (b) Once the background was removed, it was found
that the intensity of feature A3 decreases with decreasing octahedral tilt angle. The dashed line is added
to show a trend only, and does not imply a linear relationship. (The inset of (b) shows a schematic
representation of the Fe 3d–O 2p–Fe 4p intersite hybrid interaction.)
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of overlap between the Fe 4p and NNN Fe 3d orbitals, through a single O 2p orbital, is reduced,
and is observed as a decrease in the intensity of the intersite hybrid spectral feature. This explana-
tion is consistent with a previous study of Co oxides; however, this study only explored how the
intersite-hybrid feature was affected by large changes in structure, which included simultaneous
variations of bond angle and bond length [32].
4.3.3.2 Main-edge Excitations
Two important features are found in the main-edge region of the Fe K-edge spectra (B1 and B2 in
Figure 4.7), and result from excitations of Fe 1s electrons to final states with mostly Fe 4p character.
B2 is the strongest feature in the spectra and is caused by a direct, local excitation of 1s electrons to
unoccupied Fe 4p states. Comparison of the absorption edge energy, which is defined by the inflec-
tion point of the spectral edge, between the REFeO3 spectra and the spectrum from Fe2O3 shows
that the energies are nearly equal and confirms the previous conclusion that Fe adopts a +3 state in
the REFeO3 compounds. However, as the size of the RE atom decreases, the energy of the main
edge peak maximum (labeled in Figure 4.7 as B2) shifts to higher energy and becomes broader
and slightly less intense. This may be related to the increase in the intensity of feature B1, with
decreasing size of the RE atom, but is most likely a result of variations in the multiscattering res-
onances, which overlap the high-energy region of these spectra. Multiscattering resonances occur
when the core electron is excited to continuum states and the resulting photoelectron backscatters
off multiple-neighboring atoms resulting in constructive and destructive interference [7]. As the
ionic radius of the RE decreases, the RE–Fe bond distances decrease and result in a shorter path
length, shifting the multi-scattering peak to higher energy [215].
While the changes in feature B2 are well described by multi-scattering resonances, the origin
of the changes in feature B1, which increases in intensity as the radius of the RE decreases (Fig-
ure 4.8), are not as well understood. The partial DOS calculations from YFeO3 (Figure 4.6) indi-
cate that there is overlap between the Y 4d and Fe 4p states in this energy region, suggesting that
an interaction between RE and Fe may be the origin of this feature. This interaction could either
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occur directly or may be mediated through O 2p states. An alternate, more probable explanation
that does not involve an Fe–RE interaction is that feature B1 results from local excitations to lower-
energy Fe 4p-states, as has been suggested for TiO2 and brownmillerite-phase oxides [19, 30]. In
this case, the increased intensity of feature B1 is linked to the decreased intensity of feature A3,
which arises from excitations involving Fe 4p orbitals on the absorbing atom (see section 4.3.3.1).
Because there must be a fixed number of Fe 4p states, as the Fe 4p character of the intersite hybrid
state decreases (intensity of A3 decreases, vide supra), the resulting excess of Fe 4p states that are
not interacting with next-nearest-neighbor (NNN) Fe 3d states would shift to higher energy, in-
creasing the density of Fe 4p states in this region and resulting in the increased intensity of feature
B1.
4.4 Conclusions
Rare-earth orthoferrites, having the chemical formula REFeO3, have been synthesized and exam-
ined using XANES. The Fe L3-edge and O K-edge spectra indicate that bonding within the FeO6
octahedra are independent of the identity of the RE atom. In addition, the O K-edge spectra indi-
cate that the RE atom interacts with the O atoms and that the absorption energy of this interaction
appears to be dependent on both the RE–O bond distance and the coordination geometry of the
RE centre. A non-local excitation due to intersite-hybrid interactions was observed in the pre-edge
region of the Fe K-edge spectra, and the strength of this interaction was found to be directly re-
lated to the Fe–O–Fe bond angle. The relationship between this bond angle and the intensity of the
intersite hybrid feature originates from the amount of overlap between the Fe 4p states on the ab-
sorbing Fe centre and the next-nearest-neighbor Fe 3d states through O 2p states. As the Fe–O–Fe
bond angle decreases, the overlap between the local Fe 4p orbitals and NNN Fe 3d orbitals is re-
duced, resulting in a lowering of the intensity of the intersite hybrid peak. This orbital interaction
is similar to those associated with superexchange interactions responsible for antiferromagnetic
ordering [86, 154]. Thus, the observation of an intersite hybrid feature in transition-metal K-edge
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XANES spectra may yield information on if superexchange is possible in a particular material.
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Chapter 5
CONCLUSIONS
5.1 Summary and Significance
X-ray absorption spectroscopy is a powerful technique which can be used to determine the elec-
tronic and physical structures of a material. Transition-metal K-edge XANES is a technique that
provides information about the oxidation state and coordination environment of the metal centre.
One particularly informative region of a transition-metal K-edge XANES spectrum is the pre-edge,
which may be used to elicit information about the electronic structure of a material and to track
changes in the oxidation state and coordination environment of the metal centre. In order to fully
extract all the information contained in the pre-edge region, it is necessary to understand the ori-
gins of the features found in this region and the factors that can affect them. To this end, this thesis
has studied a series of materials that were selected to isolate the various factors which may affect
the pre-edge features. As such, this thesis has increased the understanding of how the pre-edge
features may be used to understand the physical and chemical properties of solid-state materials.
5.1.1 The pre-edge and changes in coordination environment and oxidation
state
The effects of simultaneous changes in the oxidation state and coordination environment on the pre-
edge region of transition-metal K-edge XANES spectra were studied in Chapter 2. In this study,
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a series of Sr2Fe2-xMoxO6 (0.25 ≤ x ≤ 1.0) materials were synthesized and studied using powder
XRD and XANES in order to investigate how the oxidation state and coordination environments
of Fe and Mo changed with varying Mo content. The powder XRD patterns revealed an increase
in the lattice constant when the Mo content was increased from x = 0.50 to x = 0.65. This change
appeared to correspond to a previously reported distortion of the cubic unit cell to a tetragonal
unit cell [62, 63, 160]. Concurrent with this change, the pre-edge region of the Fe K-edge XANES
shifted to lower energy, indicating Fe was partially reduced from Fe3+ to an Fe2+/3+ mixture. The
features in the Mo K-edge XANES spectra also shifted to lower energy, as a result of the partial
reduction of Mo6+ to a mixture of Mo5+ and Mo6+. The results from the XANES and powder
XRD patterns presented in this chapter indicate that the change from a cubic to tetragonal unit cell
is largely driven by the reduction of Fe3+ to Fe2+/3+, as Fe2+ has a much larger ionic radius than
Fe3+ [153].
In addition to observing changes in the pre-edge region due to changes in the oxidation state,
significant changes in the intensity of the pre-edge features were also observed. These changes
were attributed to changes in the coordination number around the Fe centres. When the coordi-
nation number decreases, the local Fe 4p states mix with the Fe 3d states, increasing the dipolar
character of the pre-edge excitations. Here, the changes in coordination number corresponded to
a change in the oxygen deficiency of the system. When the Mo content was low, the pre-edge
of the Fe K-edge spectra were observed decrease in intensity, indicating that the system became
less O-deficient. However, as the Mo content was increased past x = 0.50, the pre-edge features
increased in intensity, indicating that the oxygen deficiency of the system increased.
The role of the synthetic method in determining the oxygen deficiency of the system was in-
vestigated by annealing the as-synthesized samples under a vacuum environment. The Fe K- and
Mo K-edge XANES spectra showed that after annealing under vacuum, the samples became less
oxygen deficient and that the Fe2+ was oxidized to Fe3+. These results indicate that the presence
of small quantities of O2(g) during synthesis may strongly impact the quality and properties of the
Sr2Fe2-xMoxO6 materials produced.
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The analysis presented in this chapter serves as an example of how simultaneous changes in
oxidation state and changes in coordination number can be analyzed using the pre-edge features
from transition-metal XANES spectra. Careful comparison of the Fe K-edge spectra from the
Sr2Fe2-xMoxO6 system to the spectra from known standard compounds showed that changes in
the oxidation state caused the pre-edge to shift to lower energy, while changes in coordination
number lead to changes in intensity (and no shifts in energy). Studies such as this one, where
both changes in coordination number and changes in oxidation state are concurrently analyzed, are
important because changes in oxidation state are often linked to changes in coordination number
through oxygen deficiency in many solid-state systems. These types of analyses will lead to a
better understanding of the origins of the physical and chemical properties exhibited by solid-state
materials.
5.1.2 The pre-edge and changes in bonding structure
The effects of changes in the covalency of the metal-ligand bond were explored by studying a
series of Cu2FeSn3-xTixS8 (0 ≤ x ≤ 3) thiospinels in Chapter 3. The Cu2FeSn3-xTixS8 materials
were successfully synthesized using a standard solid-state synthesis route, and the materials were
characterized using XANES and LMTO-based electronic structure calculations. The intensity of
the pre-edge in the Fe K-edge XANES spectra was observed to increase as the Fe–S bond length
decreased. This increase in intensity was observed because decreasing the Fe–S bond length al-
lowed for better overlap between the Fe 3d and S 3p states, increasing the dipolar character of
the pre-edge excitations. Further, substituting Ti for Sn reduced the average electronegativity of
the next-nearest-neighbour metal centres around the Fe sites, possibly allowing for better mixing
between the Fe 3d and S 3p states. A similar increase was observed in the pre-edge region of
the Ti K-edge spectra, though it was much smaller, due to the fact that Fe is more electronegative
than Ti. The main-edge regions of the Fe K- and Ti K-edge spectra also indicated that long-range
Fe/Ti–S–Sn interactions were present.
S K-edge XANES spectra were also collected from these materials to determine how the elec-
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tronic structure of these materials changed as Ti was substituted for Sn. Because the features in the
S K-edge arise from excitations to S 3p states interacting with metal orbitals, the S K-edge is highly
reflective of the distribution of unoccupied conduction states of the materials. The pre-edge region
of the S K-edge may also reveal important information about the coordination geometry around
the metal centre, as was found in S K-edge XANES spectra from the Ti-rich Cu2FeSn3-xTixS8
materials. In general, these spectra were in close agreement with the electronic structure calcula-
tions performed in this study. The electronic structure calculations and S K-edge spectra showed
that significant interactions between the S 4p and Sn 5s states occur, in agreement with a previous
study [112]. The S K-edge spectra served to further confirm the interpretation of the Fe K-edge
spectra from the Cu2FeSn3-xTixS8 materials.
The Cu2FeSn3-xTixS8 materials are known to undergo a SCO transition in which the Fe tran-
sitions from a HS to a LS state upon cooling. Based on this, it was thought these materials would
offer a rare opportunity to study how the SCO transition affects the pre-edge region of the XANES
spectrum from crystalline materials. To this end, a series of temperature-dependent Fe K-edge
XANES spectra were collected from the Cu2FeSn3-xTixS8 thiospinels. Interestingly, no significant
changes in the pre-edge were observed as the temperature was varied. This was probably caused
by the covalent nature of the metal-ligand bonds found in the Cu2FeSn3-xTixS8 system, which re-
sults in the increased dipolar character of the pre-edge features (compared to most oxide-based
compounds). Here, dipolar contributions from the S 3p orbitals dominated the pre-edge intensity,
and effectively masked any changes which may have occurred due to the SCO transition. However,
while no change in the pre-edge region was observed, large changes in the main-edge region were
observed, which enabled a qualitative analysis of the SCO transition. Such an analysis could be
used to provide insight into how the HS/LS equilibrium varies as a function of temperature within
a given composition, but comparison of the absolute number of HS centres between different com-
positions was not possible.
The study presented in this chapter provided important insight regarding the impact of the
changes in the covalency of the metal-ligand bond on the intensity of the pre-edge features. It may
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be necessary to consider these changes in highly covalent systems, as they could be easily mistaken
for changes in coordination number instead. Such a conclusion was ruled out in this study through
a comparison of the Fe K-edge XANES spectra from the Cu2FeSn3-xTixS8 system to the Fe K-
edge XANES spectra from known standards. This emphasizes the usefulness of collecting and
comparing spectra from compounds with known structures and properties when interpreting the
pre-edge. By including considerations regarding the covalency of the metal-ligand bond, future
interpretations of the pre-edge will be more accurate, and will provide a better understanding of
the bonding structures present in solid-state systems.
5.1.3 The pre-edge and changes in non-local excitations
The relationship between bond angle and the intensity of intersite hybrid peaks was explored in
Chapter 4 through the study of a series of rare-earth orthoferrites, having the general formula
REFeO3 (RE = rare-earth, Y). These materials adopt a distorted perovskite structure, in which the
octahedra are tilted, leading to Fe–O–Fe bond angles that are between 90° and 180°. One of the
advantages of studying these materials is that the Fe–O–Fe bond (tilt) angle is directly propor-
tional to the size of the RE atom, creating a controlled system where the relationship between the
Fe–O–Fe bond angle and the intensity of the intersite hybrid peak could be directly examined.
The materials were successfully synthesized using a standard solid state synthesis method and
examined using XANES. Fe L3-edge XANES spectra were collected from these materials, and
showed that no significant changes in the local structure of the FeO6 octahedra occurred as the RE
atom was changed. O K-edge spectra were also collected from these materials, and these spectra
showed that the RE atom interacts with the O atoms. While the exact nature of this interaction has
not been determined, this study shows that it depends on both the RE–O bond distance, and the
coordination geometry of the RE centre. In general, the Fe L3- and O K-edge spectra showed that
the local structure around the Fe centres did not change as the RE atom was varied.
In the REFeO3 orthoferrites, the intersite hybrid peak results from the excitation of Fe 1s elec-
trons to next-nearest-neighbor Fe 3d states interacting with Fe 4p states on the absorbing atom
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through O 2p states. In this study, by analyzing the pre-edge region of the Fe K-edge spectra from
these materials, it was experimentally confirmed that there is a direct relationship between the
Fe–O–Fe bond angle and the intensity of the intersite hybrid peak. The relationship between this
bond angle and the intensity of the intersite hybrid feature originates from the amount of overlap
between the Fe 4p states on the absorbing Fe centre and the next-nearest-neighbor Fe 3d states,
through O 2p states. As the Fe–O–Fe bond angle decreases, the overlap between the local Fe
4p orbitals and next-nearest-neighbour Fe 3d orbitals is reduced, resulting in a lowering of the
intensity of the intersite hybrid peak. This was the first study to present direct evidence of the
relationship between the Fe–O–Fe bond angle and the intensity of the intersite hybrid. Thus this
study has provided fundamental insight into the nature of a specific pre-edge feature reported only
for solid-state systems and how it can be separated from both the pre-edge and main-edge features.
5.2 Future Work
This thesis has provided insight into the origins of the features in the pre-edge of a transition-metal
K-edge XANES spectrum, and how they can be used to understand material properties. However,
many questions regarding both the pre-edge region and the materials studied here remain. As such,
continuing to research the properties of the systems explored in this thesis would lead to a richer
understanding of these materials and the pre-edge region in XANES spectra. To this end, proposed
directions of future research for each study presented in this thesis are described below.
The Sr2FeMoO6 double perovskite is a technologically relevant compound because it has been
shown to exhibit colossal magnetoresistance (CMR) [57]. However, several other double per-
ovskites have also been shown to be half-metallic and exhibit CMR (e.g. Ba2FeMoO6) [157,166].
Interestingly, in many studies of the double perovskites, the exact effects of the A-site cation are
often ignored. A possible way to explore the impact of the A-site cation in these materials would be
to study a series of Sr2-xBaxFe2-yMoyO6 compounds. In these materials, because Ba and Sr have
different sizes, the switch from a cubic to a tetragonal unit cell may occur at a different Fe/Mo
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composition than in Sr2Fe2-xMoxO6. Collecting pXRD patterns and XANES spectra from these
materials could lead to a better understanding of how the A-site cation affects the structure of the
material and the oxidation states of the B and B’ cations. Such a study would provide further
insight into the mechanism that causes the switch from a cubic to tetragonal unit cell found in
the Sr2Fe2-xMoxO6 materials. Further, if these experiments are coupled with measurements of the
materials magnetoresistive properties, a better understanding of the origin of these properties (and
how they can be optimized) may also be achieved.
The Cu2FeSn3-xTixS8 thiospinels were studied in Chapter 3 as a means of studying how the
spin-crossover transition may affect the pre-edge region of Fe K-edge XANES spectra. In this
regard, no change was found in the pre-edge and the study was unsuccessful. This was a result
of both the large changes in main-edge features which could not be fully resolved from the pre-
edge features, and the highly covalent nature of the system, which may have overshadowed small
changes in the pre-edge due to the SCO transition. Using a higher resolution technique, such
as Resonant Elastic Inelastic X-ray Scattering (REIXS), may help to fully resolve the pre-edge
from the main-edge, allowing for changes due to the SCO to be observed in the pre-edge. The
influence of core-hole lifetime broadening effects are reduced in this technique by collecting only
one emission line in the fluorescence spectrum [16,22]. Also, instead of using the pre-edge region
of Fe K-edge XANES spectra to study the SCO transition, it may be more beneficial to study
the SCO transition using Fe L2,3-edge XANES. The Fe L2,3-edges consist of excitations of Fe 2p
electrons to Fe 3d states, and thus contain strong features which directly probe the 3d states. In this
regard, an initial study of the Cu2FeSn3-xTixS8 materials using the Fe L3-edge has been completed
and shows changes consistent with those observed in the Fe L3-edge spectra from molecular SCO
compounds [216]. Based on these initial results, a quantitative study of the HS/LS equilibrium in
the Cu2FeSn3-xTixS8 thiospinels may be possible using Fe L3-edge XANES.
In addition to the study of the SCO transition, the study of the Cu2FeSn3-xTixS8 thiospinels
revealed that the covalency of the Fe–S bond changed as Ti was substituted for Sn. Two changes
lead to this observation in these materials: the decreased Fe–S bond length allowing for bet-
104
ter overlap between the Fe 3d and S 3p orbitals, and the substitution of less electronegative Ti
for the more electronegative Sn. To separate the influences of changes in orbital overlap versus
changes in the electronegativity of the next-nearest-neighbor atom, a XANES-based study of the
Ag2-xCuxFeSn3S8 compounds would be useful [99]. (The synthesis of thiospinels which contain
both Ag and Ti was attempted in this work, but did not yield phase-pure products.) While the elec-
tronegativity differences of Ag and Cu are large, based on the research presented in Chapter 3, these
ions are not expected to impact the Fe–S bond covalency [27]. (The electronic structure calcula-
tions indicated the presence of only minor interactions between Cu and Fe in the Cu2FeSn3-xTixS8
compounds.) Thus, only changes in the overlap of the Fe 3d and S 4p orbitals due to changes in the
Fe–S bond length as the larger Ag is substituted for Cu are expected to impact the covalency of the
Fe–S bond [99]. Because of this, such a study would provide better insight into the importance of
the electronegativity of the next-nearest-neighbor atom on the covalency of the metal-ligand bond,
and how these changes may affect the pre-edge region of transition-metal K-edge spectra.
Chapter 4 presented a XANES study of the rare-earth orthoferrites, and focused on investigat-
ing the ill-studied non-local excitation known as an intersite hybrid peak. Interestingly, while the
intersite hybrid peak has been observed for several transition-metal oxides, it has not been observed
in transition-metal chalcogenides. This is probably due to the difficulty of finding transition-metal
chalcogenides that contain corner-sharing octahedra. (Corner-sharing of the octahedra allows for
favorable overlap between np and (n-1)d orbitals through S 3p states because the M-S-M’ bond
angle will be between 90° and 180°.) To this end, a XANES study of the UFeS3-type compounds
may be useful. These materials adopt a Cmcm unit cell, in which layers of corner-sharing FeS6
octahedra are sandwiched between layers of US8 polyhedra [217]. Because this system contains
corner-sharing FeS6 octahedra, the Fe K-edge spectra from this system may provide evidence of an
intersite hybrid peak in a chalcogenide-based system. Further, these systems also have the advan-
tage of being highly substitutable, as Th can be substituted for U and Mn and Sc may be substituted
for Fe [217]. This could allow for advantageous manipulation of the structure of these materials
via composition (i.e. bond lengths and angles; similar to the REFeO3 study). The observation of
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an intersite hybrid peak in a chalcogenide-based system would further the understanding of this
interesting peak, which to this point has only been reported in oxides. Such an observation (or the
continued lack of such an observation) would further our knowledge about the features that may
be observed in the pre-edge region of transition-metal K-edge XANES spectra.
This thesis has shown how the pre-edge features found in transition-metal K-edge XANES
spectra may be used in the investigation of several different solid-state compounds. These studies
have not only furthered the understanding of the physical properties of these materials, but have
also furthered the understanding of the origins of the features found in the pre-edge. To this end, the
studies presented here have attempted to discern how the pre-edge region varies as the metal centre
changes (i.e., changes in coordination number and oxidation state) and as the structure changes
(i.e., changes in bond distance, covalency, and bond angle). As such, these studies have been
successful in helping make the pre-edge region of transition-metal XANES spectra a powerful tool
for investigating solid-state materials.
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